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ABSTRACT 


Pieces  of  rabbit  atria  when  incubated  in  Krebs  solution  con¬ 
taining  5  x  10”7  M  14C-ephedrine  accumulated  the  amine  to  a  level  2.7 
times  greater  than  that  in  the  incubation  medium.  The  tissue  to  medium 
concentration  ratio  decreased  only  slightly  with  10-fold  or  greater  in¬ 
creases  in  the  concentration  of  the  amine  in  the  medium.  Ephedrine  was 
accumulated  by  the  tissue  at  a  uniform  rate  even  at  high  concentrations 
without  any  indication  of  maximum  velocity  being  approached.  The  uptake 
of  ephedrine  could  not  therefore  be  described  by  the  Micheal is-Menten 
equation. 

The  transport  of  ephedrine  was  partially  inhibited  by  a  wide 
variety  of  amines.  However,  high  concentrations  of  amines  were  required 
to  produce  significant  inhibition.  The  amines  lacking  phenolic  hydroxyl 
groups,  e.g.3  amphetamine  and  phentermine,  and  therefore  considered  to 
be  more  lipid  soluble,  exerted  the  greatest  inhibitory  effect  on  ephe¬ 
drine  accumulation.  Unlike  the  transport  system  for  noradrenaline,  the 
accumulation  of  ephedrine  was  not  stereochemically  specific. 

Cocaine  and  desipramine  slightly  reduced  ephedrine  accumulation. 
Estradiol  and  testosterone,  both  potent  Uptake2  inhibitors,  diminished 
ephedrine  accumulation  but  not  totally.  Corticosterone,  another  potent 
Uptake2  inhibitor,  was  without  effect.  The  3-haloal kylamines,  phenoxy- 
benzamine  and  SKF-550,  also  potent  Uptake2  inhibitors  were  also  ineffec¬ 
tive.  Oxytetracycl ine,  reported  to  inhibit  the  binding  of  catecholamines 
to  collagen  did  not  inhibit  the  accumulation  of  ephedrine. 

Oubain  reduced  the  accumulation  slightly  but  only  when  high 
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concentrations  were  used.  Sodium  enhanced  the  accumulation  of  ephedrine 
but  was  not  an  absolute  requirement  and  secondly  a  large  fraction  of  the 
amine  accumulated  in  the  presence  of  low  sodium.  No  other  ion  was  able 
to  substitute  for  sodium.  Removing  potassium  from  the  incubation  medium 
did  not  decrease  the  accumulation  of  ephedrine.  Accumulation  of  ephe¬ 
drine  was  unaltered  by  metabolic  inhibitors  either  by  themselves  or  in 
a  combination  to  inhibit  both  aerobic  and  anaerobic  glycolysis.  These 
results  indicated  that  active  transport  was  not  involved. 

The  most  important  observation  of  this  study  was  that  chemical 
denervation  by  6-hydroxydopamine  failed  to  affect  the  accumulation  of 
ephedrine.  This  indicated  that  the  transport  of  ephedrine  was  not 
dependent  upon  the  intactness  of  the  sympathetic  nervous  system. 

In  this  study  several  features  of  ephedrine  transport  emerged. 
Transport  of  ephedrine  by  Uptakei  is  unlikely  since  chemical  denervation 
by  6-hydroxydopamine  failed  to  inhibit  ephedrine  accumulation.  Active 
transport  with  and  without  co-transport  with  Na+  is  unlikely  since  ephe¬ 
drine  accumulation  was  non-saturabl e,  did  not  require  metabolic  energy 
and  was  not  affected  by  potassium-free  medium.  Accumulation  of  ephedrine 
by  Uptake2  is  also  unlikely  since  normetanephrine,  phenoxybenzamine  and 
SKF-550  failed  to  inhibit  ephedrine  uptake-.  Oxytetracycl  ine  did  not 
inhibit  ephedrine  accumulation  and  thus  binding  of  ephedrine  to  collagen 
is  unlikely.  The  possibility  that  ephedrine  diffuses  passively  into  the 
tissue  and  binds  to  non-specific  sites  must  be  considered.  This  view 
is  strongly  supported  by  the  differences  found  between  its  transport  and 
that  of  noradrenaline.  The  accumulation  of  ephedrine  was  non-satura.bl e, 
did  not  exhibit  stereochemical  specificity,  T/M  ratios  were  only  slightly 
diminished  with  10-fold  or  greater  increases  in  amine  concentration. 
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unaffected  by  most  Uptake2  inhibitors  and  not  impaired  by  a  combined 
inhibition  of  aerobic  and  anaerobic  glycolysis.  The  high  concentration 
of  amine,  e.g.3  phentermine  and  metarami nol ;  and  other  drugs,  e.g.3 
oubain  and  cocaine  required  to  achieve  an  inhibitory  effect  on  ephedrine 
transport  is  further  supporting  evidence  for  a  passive  diffusion  process. 
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I.  INTRODUCTION 


Ephedrine  is  the  crystalline  alkaloid  which  is  the  active 
principle  of  the  ancient  Chinese  herb,  Ma  Huang,  obtained  from  the 
Ephedra  plant.  For  some  5000  years,  Ma  Huang  has  been  used  by  the 
Chinese  as  a  diaphoretic,  circulatory  stimulant,  antipyretic,  cough  sed¬ 
ative,  and  as  an  ingredient  of  many  prescriptions. 

The  Japanese  were  the  first  to  pioneer  the  development  of  a 
useful  drug  from  this  ancient  herb.  Yamanoshi  in  1885  was  the  first  to 
isolate  and  obtain  a  crystalline  but  impure  substance.  After  his  death, 
Nagai  (1887)  obtained  the  alkaloid  in  pure  form,  named  it  ephedrine  and 
was  the  first  to  make  scientific  investigations  with  it.  Physiological 
investigations  with  Nagai 's  ephedrine  were  first  carried  out  by  Miura 
(1887).  This  study  demonstrated  the  mydriatic  action  of  the  drug,  and 
as  a  result  ephedrine  was  introduced  to  medicine  as  a  new  mydriatic  but 
was  regarded  to  be  very  toxic.  For  the  next  three  decades  the  drug  was 
used  only  for  ophthalmologic  purposes.  Several  Japanese  investigators, 
Amatsu  and  Kubota  (1918),  and  Hirose  (1915),  demonstrated  the  adrenaline¬ 
like  effects  of  ephedrine.  As  a  result  of  their  work  the  Japanese 
marketed  an  ephedrine-containinq  preparation  to  be  used  in  the  treatment 
of  asthma,  a  condition  that  can  be  relieved  by  adrenaline.  No  publica¬ 
tions,  however,  were  made  of  the  results  obtained. 

The  work  of  Chen  and  Schmidt  (1925)  was  largely  responsible  for 
the  elevation  of  ephedrine  from  obscurity  to  widespread  use  in  Western 
medicine.  They  confirmed  that  the  effects  of  ephedrine  were  physiolog¬ 
ically  very  similar  to  adrenaline  but  more  prolonged  and  less  toxic;  the 
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intestine  was  relaxed,  the  uterus  stimulated,  and  mydriasis  occurred 
after  local  or  systemic  application.  The  drug  differed  from  adrenaline 
in  that  it  was  found  to  be  stable  in  solution  and  effectively  absorbed 
when  applied  orally,  subcutaneously,  or  intramuscularly.  A  monograph 
prepared  by  Chen  and  Schmidt  (1930)  reviews  in  some  detail  the  early 
investigations  and  findings  with  ephedrine. 

The  structural  formula  of  ephedrine  is  shown  below  and  the 
similarity  to  adrenaline  and  noradrenaline  is  evident.  The  graphic 
formula  of  the  drug  contains  two  assymetric  carbon  atoms  making  possible 
two  sets  of  stereo-isomers.  These  are  designated  as  the  erythro  isomers, 
(-)-,  and  (+)-ephedrine;  and  the  threo-i somers ,  (-)-,  and  (+)-pseudo- 
ephedrine.  Only  two,  (-)-ephedrine  and  (+)-pseudoephedrine  occur  in 
nature.  The  isomer,  (-) -ephedrine  is  a  waxy  solid  having  a  melting  point 
of  34°C.  It  is  soluble  in  water,  alcohol,  ether  and  chloroform.  Solu¬ 
tions  are  strongly  alkaline.  The  pKa  of  ephedrine  is  9.58  (Leffler  et  al.  3 
1951).  Hydrochloride  derivatives  of  (-)-,  or  (±)-ephedrine  are  most 
commonly  used  for  laboratory  and  clinical  purposes.  Both  hydrochl orides 
are  white  crystalline  compounds  which  are  soluble  in  water  and  alcohol 
but  practically  insoluble  in  ether.  The  melting  point  of  (-)-ephedri ne 
hydrochl oride  is  216-220°C  and  that  of  (±)-ephedrine,  187-188°C. 

H  H 

i  i 

-  C  -  C  -  NH  -  CH3 
OH  CH3 

Metabolism  of  ephedrine  varies  from  species  to  species.  The 
amine  is  metabol i cal ly  relatively  stable  in  man  who  excretes  the  drug 
mostly  unchanqed  (Wilkinson  and  Beckett,  1968).  Axelrod  (1953)  studied 
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the  excretion  of  ephedrine  metabolites  in  rats,  dogs,  guinea  pigs  and 
rabbits.  The  rat  excreted  the  amine  largely  unchanged  and  a  small 
portion  para-hydroxyl ated.  Ephedrine  is  rapidly  N-demethylated  to  the 
metabol ical ly  stable  phenylpropanolamine  (norephedrine)  in  the  dog  and 
is  excreted  as  such.  Large  amounts  of  the  demethylated  metabolite, 
phenylpropanolamine,  and  small  amounts  of  the  para-hydroxyl ated  compounds 
are  excreted  by  the  guinea  pig.  Ephedrine  is  extensively  metabolized  by 
rabbits  which  have  the  necessary  enzymes  to  N-demethylate  and  deaminate 
ephedrine  and  also  to  deaminate  its  N-demethylated  product,  phenylpro¬ 
panolamine. 

Ephedrine is  one  of  the  sympathomimetic  amines.  These  are  a 
wide  variety  of  amines  structurally  related  to  noradrenaline  and  adrena¬ 
line.  Barger  and  Dale  (1910)  showed  that  these  amines,  in  addition, 
have  biological  actions  similar  to  adrenaline  and  noradrenaline.  A 
number  of  years  later  Tainter  and  Chang  (1927)  and  Tainter  (1929)  demon¬ 
strated  that  the  actions  of  two  sympathomimetic  amines,  tyramine  and 
ephedrine,  were  antagonized  by  doses  of  cocaine  which  potentiated  the 
effects  of  adrenaline  (Frohlich  and  Loewi,  1910).  Thus  the  "cocaine 
paradox"  originated. 

j 

Although  there  have  been  many  theories  to  explain  the  action 
of  cocaine  (Furchgott,  1955),  the  most  popular  hypothesis  is  that 
cocaine  acts  by  inhibiting  the  normally  rapid  inactivation  of  catechol¬ 
amines  by  nerve  uptake  (Macmillan,  1959;  Whitby,  Hertting  and  Axelrod, 
1960;  Muscholl , 1961 ) .  Cocaine  has  been  shown  to  inhibit  the  uptake  of 
many  am/ines  structurally  related  to  noradrenaline;  these  include  a- 
methyl noradrenal i ne  (Hillarp  and  Malmfors,  1964;  Muscholl  and  Weber, 
1965),  adrenaline  (Iversen,  1965a;  Hardman  and  Mayer,  1965),  metarami nol 
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(Carlsson  and  Waldeck,  1965)  and  a-methyl tyramine  (Iversen,  1966). 

The  observation  that  cocaine  can  potentiate  the  action  of 
adrenaline  and  antagonize  that  of  tyramine  was  confirmed  on  isolated 
tissues  by  Burn  and  Tainter  (1931).  These  workers  also  observed  an 
effect  which  paralleled  cocaine  after  chronic  sympathetic  denervation. 
Burn  (1932)  confirmed  this  observation  when  he  abolished  the  vasocon¬ 
strictor  effect  of  tyramine  and  ephedrine  in  the  denervated  cat  foreleg 
and  was  the  first  to  suggest  that  the  action  of  these  amines  might 
depend  upon  the  integrity  of  the  adrenergic  nerve  endings  rather  than 
upon  their  direct  action  on  adrenergic  receptors.  Many  workers  have 
generally  classified  sympathomimetic  amines  into  one  of  three  groups; 
direct  acting,  indirect  acting,  or  mixed  acting  (Fleckenstein  and  Bass, 
1953;  Fleckenstein  and  Burn,  1953;  Fleckenstein  and  Stock! e,  1955; 
Povalski  and  Goldsmith,  1959;  Maxwell  et  al.3  1959;  1960;  Marley,  1962; 
Trendelenburg  et  al.3  1962a, b,  1963).  Trendelenburg  (1963,  1972) 
suggested  that  sympathomimetic  amines  possess  both  direct  and  indirect 
effects  in  varying  proportions  but  this  ratio  may  vary  from  organ  to 
organ  and  also  from  species  to  species.  A  clear  cut  distinction  among 
these,  therefore,  is  not  possible.  Direct  acting  sympathomimetic  amines 
are  those  which  interact  with  a  and/or  3  receptors  of  an  effector  organ 
whereas  the  indirectly  acting  amines  act  only  through  the  liberation  of 
the  stored  transmitter  substance,  noradrenaline.  The  mixed  acting  amines 
exert  both  direct  and  indirect  effects.  The  prototype  for  the  direct 
acting  class  is  noradrenaline,  for  the  indirect  class  it  is  tyramine, 
and  for  the  mixed  acting  class  it  is  ephedrine. 

Ephedrine  is  generally  classified  as  a  mixed  acting  amine 
since  both  direct  and  indirect  effects  are  found  to  be  major  components 
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in  many  tissues  as  well  as  species.  This  holds  true  in  the  nictitating 
membrane,  blood  pressure  and  heart  rate  effects  in  the  cat  (Trendelenburg 
et  al.3  1962a),  the  dog  (Maxwell  et  al.3  1959;  Patil  et  al.  3  1965)  and 
guinea  pig  atria  (Trendelenburg,  1963). 

Ephedrine  and  many  other  amines  structurally  related  to  norad¬ 
renaline  such  as  adrenaline,  amphetamine,  synephrine,  and  tyramine 
inhibit  the  uptake  of  noradrenaline  into  sympathetically  innervated 
tissues  (Axelrod  and  Tomchik,  1960;  Axelrod,  Whitby,  and  Herttinq,  1961; 
Dengler,  Spiegel  and  Titus,  1961a;  Herttinq  et  al.3  1961b;  Axelrod, 
Hertting  and  Potter,  1962;  Burqen  and  Iversen,  1965).  It  is  not  clearly 
established  yet  whether  the  amines  cause  inhibition  of  noradrenaline 
uptake  by  acting  as  competitive  substrates  for  the  uptake  system  or 
whether  these  cause  inhibition  of  the  uptake  system  without  being  them¬ 
selves  transported  into  the  tissues.  Adrenaline,  a-methyl tyramine ,  a- 
methylnoradrenal ine,  metaraminol ,  tyramine  and  octopamine  are  several 
sympathomimetic  amines  which  act  as  alternate  substrates  for  the  norad¬ 
renaline  uptake  process  (Shore  et  al.3  1964;  Iversen,  1965a,  1966; 

Lindmar  and  Muscholl ,  1965;  Muscholl  and  Weber,  1965;  Carlsson  and 
Waldeck,  1965;  Ross  and  Rengi,  1966a;  Ross  et  al.3  1968).  All  of  these 
possess  at  least  one  phenolic  hydroxyl  group. 

Ephedrine  and  other. amines  lacking  a  phenolic  hydroxyl  group 
such  as  amphetamine,  8-phenethyl amine,  phenylpropanolamine,  and  phenyl - 
ethanolamine  are  other  structural  analogues  of  noradrenaline  which 
appear  to  be  accumulated  in  tissues  in  a  manner  different  from  norad¬ 
renaline  (Ross  and  Renyi ,  1966a,  b,  1971;  Thoenen  et  al.3  1968;  Ross 
et  al.3  1968;  Jacquot  et  al.3  1969).  In  all  of  these  cases  the  most 
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notable  difference  was  that  neither  cocaine  nor  noradrenaline  antagonized 
the  accumulation  of  those  amines.  As  a  result  several  workers  concluded 
that  those  sympathomimetic  amines  lacking  a  phenolic  hydroxyl  group  are 
not  transported  into  the  adrenergic  neurone  by  the  noradrenaline  uptake 
system  (Ross  and  Renyi  ,  1 966  a,  b,  1971;  Ross  et  al.3  1968;  Jacquot 
et  al.3  1969).  Yet  the  indirect  effects  of  ephedrine,  amphetamine  and 
phenylpropanolamine  are  antagonized  by  cocaine  (Fleckenstein  and  Stockle, 
1955;  Trendelenburg  et  al.  3  1962b). 

Trendelenburg  (1972)  has  suggested  that  this  contradiction  may 
be  resolved  in  that  the  high  lipophilic  properties  of  these  sympatho¬ 
mimetic  amines  lacking  a  phenolic  hydroxyl  group  enables  them  to  pene¬ 
trate  any  cell  membrane  easily.  The  accumulation  of  these  lipid  soluble 
amines  may  occur  largely  in  extraneuronal  tissue,  thus  masking  a  small 
cocaine  sensitive  uptake.  Secondly,  the  indirect  or  the  noradrenaline¬ 
releasing  effect  may  depend  upon  a  higher  rate  of  uptake  which  is 
achieved  only  with  the  help  of  the  noradrenaline  uptake  mechanism. 
Inhibition  of  the  neuronal  uptake  process  by  cocaine  may  slow  the  rate 
of  uptake  of  a  lipid-soluble  amine  enough  to  prevent  the  build-up  of  the 
high  concentrations  of  the  amine  in  the  immediate  vicinity  of  the 
neuronal  vesicles  needed  for  the  release  of  noradrenaline  into  the 
extracellular  space. 

Thoenen  et  at.  (1968)  alternately  suggested  that  the  lipid 
soluble  amines  enter  the  adrenergic  neurones  by  the  same  uptake  process 
utilized  by  noradrenaline.  Accumulation  of  these  amines  into  nerve 
endings,  however,  would  not  occur  because  the  lipophilic  properties  of 
these  amines  would  enable  them  to  diffuse  rapidly  and  passively  out  of 
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the  neurone.  In  this  way  the  cocaine-sensitive  uptake  would  not  be  seen. 

One  other  possibility  by  which  cocaine  may  inhibit  the  indirect 
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actions  of  these  sympathomimetic  amines  was  suggested  by  Paton  (1974). 
Because  of  the  lipophilic  properties  of  these  amines,  they  can  diffuse 
passively  across  the  plasma  membrane  of  adrenergic  neurones.  The  norad¬ 
renaline  which  the  amines  subsequently  displace  from  the  intraneuronal 
storage  vesicles  effluxes  from  the  neurone  by  a  carrier-mediated  process. 
Cocaine  inhibits  this  efflux  process  and  consequently  antagonizes  the 
indirect  sympathomimetic  responses  of  these  amines. 

The  question  that  remains  is:-  How  is  ephedrine  which  is  a  lipid 
soluble  amine  transported  by  tissues?  Is  the  amine  transported  passively 
as  suggested  by  Ross  and  Renyi  (1966a,b,  1971)  and  Jacquot  et  al.  (1969)? 
Since  Jacquot  et  al.  (1969)  showed  that  ephedrine  is  taken  up  against  a 
concentration  gradient,  then  binding  must  follow  uptake  of  the  amine  by 
the  tissues  if  transport  is  passive.  Alternately,  is  active  transport 
involved?  Is  there  any  evidence  that  ephedrine  is  accumulated  via  the 
noradrenaline  carrier  in  adrenergic  nerve  terminals  as  suggested  by 
Trendelenburg  (1972)  where  a  large  extraneuronal  accumulation  of  the 
lipid  soluble  amine  may  mask  a  small  neuronal  uptake? 
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II.  LITERATURE  RE’.IEW 


(A.)  Z-erj^z~z2 

Burr  [‘922}  x*'rst  suggested  that  catecholarir.es  "icr.t  pe 
taken  uo  into  tissue  binding  sites.  Evidence  thee  ^eart  tissue  nakes 
up  norat rera'  ''  pe  a^d  adrenaline  -.as  f*'rst  te_c^str'aeea  by  -ear  a n :  3*;ee 
(1955).  -toweyer,  this  observation  depended  upon  the  administration  o* 
large  doses  o*  the  amine  ir.  -j'lvc.  It  was  not  until  sensitive  assay 
techniques  :eca~e  aya a: ' e  n^at  similar  sr^t'es  could  re  „,-derp5«,ep 
using  physiological  concentrations  c~  t^e  amines.  Axelrod,  nei" -va‘ rerbe 
and  Tonch'k  (1961)  using  tritiated  noradrenaline  and  adrer.a'ine,  vuscho!I 
(1960,  1351)  using  sensitive  bioassay  ard  f uorcretric  assay  techniques 
and  Strcr.bl ad  a-d  Nickerson  (1961)  using  a  f^  joronetric  assay  tec-r.’que 
demonstrated  ap  accumulation  of  noradrenaline  in  a  variety  o*  t*'ss-es. 
These  authors  sugaested  t^ar  this  uptake  -*';nt  re-^-ese^t  ar  'Important 
mechanism  for  the  inactivation  of  noradrenal *ne. 

Severe'  findings  suggested  t^ar  the  uptake  c£  noradrena' *ne 
occurred  ~ain'y  in  sympathetic  neryes.  rirst ,  tissues  vm'ch  had  the 
ability  to  accumulate  exogenous  radioactive  noracrena' *ne  lost  tpis 
the  sympathetic  nerves  were  destroyed  by  surgery  (Hertt'ng  ==-  ^1.,  !96'a; 
Strd-blad  and  Nickerson,  1951;  rischer  ^3.,  1965).  Second' y,  radio¬ 
active  noradrenaline  could  be  released  if  the  'ntact  sympathetic  ^erves 
were  stimulated  (-erttina  and  Axelrod,  '36''.  In  tpe  denervated  tissues, 
a  s~a ' '  uptake  op  noradrenaline  sti'l  renained  (Strorblad  a^d  N-ckerson, 
1961;  Fisher  1965).  Fischer  et  dl •  (1965)  suggested  that  this 

residual  uptake  represented  an-extra^eurona'  uptake. 
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Iversen  (1963,  1965b)  described  the  existence  in  the  isolated 
rat  heart  of  two  distinct  mechanisms  responsible  for  the  uptake  of  norad 
renal ine  and  related  sympathomimetic  amines  from  the  extracellular  fluid 
The  first  system,  Uptakex  or  neuronal  uptake  is  an  uptake  process  by 
which  the  sympathomimetic  amine  is  transported  from  the  extracellular 
space  across  the  axonal  membrane  of  adrenerqic  nerves.  A  second  mech¬ 
anism  known  as  Uptake2  or  extraneuronal  uptake  transports  amines  across 
the  membranes  of  smooth  muscle  and  various  other  post-synaptic  cells. 

At  low  extracellular  noradrenaline  concentrations,  uptake  is  mediated 
largely  by  the  neuronal  Uptake!  system.  Uptake2s  on  the  other  hand,  has 
a  much  lower  affinity  for  noradrenaline  but  a  very  much  higher  capacity 
than  Uptake! .  It  becomes  dominant  at  high  amine  concentrations.  Both 
uptake  processes  are  saturable.  Uptake2  is  not  normally  detectable 
whenever  the  concentration  of  the  sympathomimetic  amine  in  the  medium  is 
low  because  the  accumulated  amine  is  rapidly  metabolized  by  the  actions 
of  both  monoamine  oxidase  and  catechol  0-methyl transferase  (Lightrnan 
and  Iversen,  1969). 

The  two  uptake  systems  can  be  distinguished  from  each  other  on 
the  basis  of  their  susceptabil ity  to  various  inhibitors  and  in  their 
relative  affinities  for  the  amines.  Iversen  (1964)  and  Burgen  and 
Iversen  (1965)  systematically  investigated  the  inhibition  of  noradrena¬ 
line  uptake  by  a  wide  variety  of  sympathomimetic  amines  into  the  rat 
heart.  All  sympathomimetic  amines  in  this  study  inhibited  noradrenaline 
uptake  to  some  degree.  Amphetamine,  dopamine  and  particularly  metar- 
aminol  were  among  the  most  powerful  Uptakei  inhibitors.  Metanephrine, 
normetanephri ne  and  isoproterenol  were  weakly  effective.  The  structure- 


' 


V 


f 

■ 


10 


activity  relationships  of  the  noradrenaline  neuronal  uptake  site  in  the 
rat  heart  found  in  this  study  can  be  briefly  summarized  as  follows: 
3-hydroxyl ati on ,  N-substitution  or  0-methylation  decreased  the  affinity 
for  the  uptake  site  but  a  phenolic  hydroxyl  group  in  position  3  or  4 
and  a-methylation  increased  affinity.  In  the  same  study  several  of 
these  amines  were  also  tested  as  Uptake2  inhibitors.  The  structure- 
activity  relationships  were  almost  the  converse  of  those  found  for 
Uptake!.  N-substitution,  3-hydroxyl ati on  and  particularly  0-methyla- 
tion  increased  the  affinity  for  the  Uptake2  site  and  phenolic  hydroxyl 
groups  and  a-methylation  decreased  the  affinity  for  the  Uptake2  site. 
Thus  metaraminol  and  dopamine  had  little  or  no  effect  as  Uptake2  inhib¬ 
itors  whereas  metanephrine  and  normetanephrine  were  the  most  powerful 
studied. 

Many  drugs  other  than  close  structural  analogues  of  noradren¬ 
aline  inhibit  Uptake:  (Iversen,  1965c,  1967).  Tricyclic  antidepressants 
such  as  imipramine,  amitriptyline  and  desipramine  are  among  the  most 
potent  and  specific  Uptake!  inhibitors.  Desipramine  is  the  desmethyl 
derivative  of  imipramine  and  first  described  by  Titus  and  Spiegel  (1962) 
as  a  noradrenaline  uptake  inhibitor  is  the  most  potent  of  all  known 
Uptake!  inhibitors.  A  wide  variety  of  drugs  known  predominantly  for 
their  other  pharmacological  activities  also  powerfully  inhibit  Uptakei. 
These  include  the  local  anesthetic  drug,  cocaine,  which  serves  as  the 
classical  Uptakei  inhibitor;  the  adrenergic  receptor  blocking  drugs, 
phenoxybenzamine,  chlorpromazine  and  dichloroisoprenal ine;  the  adrener¬ 
gic  neurone  blocking  drugs,  bretylium  and  guanethidine;  and  some  mono¬ 
amine  oxidase  inhibitors,  tranylcypromine,  harmine  and  phenelzine 
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(Hertting  et  al.3  1962;  Iversen,  1965c). 

Normetanephrine,  metanephrine  (Burqen  and  Iversen,  1965)  and 
phenoxybenzamine  (Lightman  and  Iversen,  1969)  are  powerful  Uptake2 
blockers  but  lack  specificity.  These  compounds  when  administered  at 
concentrations  which  inhibit  extraneuronal  uptake  of  noradrenaline  will 
also  cause  a  substantial  depression  of  Uptakei.  Subsequent  investiga¬ 
tions  of  other  3-haloal kylamines  revealed  that  all  can  act  as  Uptake2 
inhibitors  (Iversen  et  oil . ,  1972).  Two  of  these,  SKF-550  and  SKF-625A 
were  found  to  be  much  more  potent  and  selective  inhibitors  of  extra¬ 
neuronal  uptake  than  phenoxybenzamine.  Steroids  such  as  17-3-estradiol, 
corticosterone,  testosterone  and  progesterone  are  another  group  of 
compounds  which  can  potently  inhibit  the  uptake  of  noradrenaline  by  the 
Uptake2  mechanism  (Iversen  and  Salt,  1970;  Salt,  1972).  17-3-estradiol 
and  corticosterone  were  found  to  be  the  most  potent  of  the  group. 

Except  for  17-3-estradiol,  which  also  moderately  inhibits  Uptakei,  the 
steroids  are  selective  inhibitors  of  Uptake2  (Salt,  1972).  Clonidine, 
an  antihypertensive  drug,  is  a  moderately  potent  but  a  highly  selective 
inhibitor  of  extraneuronal  uptake  (Salt,  1972). 

Summary 

Noradrenaline  and  related  amines  can  be  taken  up  into  tissues 
and  this  by  two  different  uptake  mechanisms.  Their  differences  can  be 
briefly  summarized: 

1.  Uptake  of  noradrenaline  occurs  mainly  by  sympathetic 

*  nerves  since  denervation  diminishes  uptake  and  radioactive 

* 

noradrenaline  can  be  released  from  sympathetic  nerves 
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upon  stimulation. 

2.  Iversen  described  the  existence  of  two  different  uptake 
systems.  Uptake!,  or  neuronal  uptake,  operates  at  low 
extracellular  amine  concentration.  Uptake2,  or  extra¬ 
neuronal  uptake,  operates  at  high  extracellular  amine 
concentration  and  has  a  lower  affinity  but  a  higher  cap¬ 
acity  for  the  amine.  Uptake2  is  not  normally  detectable 
at  low  amine  concentrations  in  the  medium. 

3.  Amines  exhibited  the  following  structure-activity  rela¬ 
tionships  for  the  noradrenaline  uptake  site  in  nerves. 
3-hydroxyl  at  ion,  N-substitution,  or  O-methylation 
decreases  affinity  but  phenolic  hydroxyl  groups  and 
a-methylation  increases  affinity.  For  Uptake2  the 
structure-activity  relationships  are  almost  the  converse. 

4.  Cocaine  and  tricyclic  antidepressants  are  powerful  and 
specific  neuronal  uptake  inhibitors.  SKF-550,  SKF-625A 
and  steroids  are  specific  and  potent  extraneuronal 
uptake  inhibitors. 
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(B)  Kinetics 

The  uptake  of  noradrenaline  proceeds  against  a  concentration 
gradient.  Brain  or  heart  slices  of  the  cat  accumulated  noradrenaline 
to  levels  five  times  those  of  the  medium  (Dengler  et  al.  3  1961b).  In 
the  isolated  rat  heart  perfused  with  a  low  concentration  of  noradrena¬ 
line  in  the  incubation  medium,  the  accumulation  of  noradrenaline  by 
the  tissue  exceeded  the  levels  in  the  perfusing  solution  by  30  times  or 
more  (Iversen,  1963;  Lindmar  and  Muscholl ,  1 964) .  Since  the  sympathetic 
nerves  occupy  a  very  small  fraction  of  the  total  weight  of  the  heart, 
it  is  possible  that  the  actual  concentration  ratio  between  exogenous 
noradrenaline  accumulated  in  the  adrenergic  nerve  terminals  and  the 
external  medium  is  very  high  and  perhaps  exceeds  10,000:1. 

Dengler  et  al .  (1961b,  1962)  found  that  the  uptake  of  norad¬ 
renaline  by  cat  heart  and  brain  slices  saturated  as  the  concentration 
of  noradrenaline  in  the  incubation  medium  was  increased.  On  the  basis 
of  this  and  other  evidence,  these  authors  were  the  first  to  suggest 
that  the  uptake  of  noradrenaline  involved  active  transport.  However, 
initial  rates  of  uptake  were  not  measured  in  these  experiments.  Iversen 
(1963)  who  studied  the  initial  rates  of  uptake  in  detail  confirmed  the 
suggestion  of  Dengler  et'al.  (  1962  )  that  the  process  obeys  satura¬ 
tion  kinetics  of  the  Micheal is-Menten  type. 
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CC)  Stereoohemioal  Specificity  of  Transport 

The  noradrenaline  uptake  system  in  adrenergic  nerves  of  the 
rat  heart  exhibits  stereochemical  specificity.  Iversen  (1963)  found 
that  the  rate  of  uptake  by  the  isolated  rat  heart  of  the  physiologically 
occurring  (-)-isomer  of  noradrenaline  was  several  times  more  rapid  than 
that  of  the  (+)-isomer  when  perfused  with  various  concentrations  of 
(-)  and  (+)-noradrenal ine.  The  same  conclusion  was  reached  independently 
by  Maickel  et  at.  (1963)  who  injected  tritiated  (±)-noradrenal  ine  into 
rats  and  subsequently  showed  that  there  was  10  times  more  (-)-noradrena- 
line  than  (+)-noradrenal ine  in  the  tissue  a  few  minutes  later.  However, 
Kopin  and  Bridgers  (1963)  reported  that  there  was  no  difference  in  the 
initial  uptake  of  either  optical  isomer  of  noradrenaline  by  the  rat  heart. 
Crout  (1964)  reported  an  equal  uptake  of  either  stereoisomer  in  the 
guinea  pig  heart.  There  was  also  very  little  difference  in  the  accumula¬ 
tion  of  either  stereoisomer  of  adrenaline  in  the  mouse  heart  (Anden,  1964). 
Also  noradrenaline  uptake  by  the  rabbit  heart  lacked  stereochemical 
specificity  (Draskoczy  and  Trendelenburg,  1968).  The  demonstration  of 
a  preferential  accumulation  of  the  (-)-isomer  of  noradrenaline  rather 
than  the  (+)-isomer  may  be  dependent  upon  the  species  of  animals. 
Alternately  it  may  depend  on  the  use  of  small  doses  of  the  amine,  since 
Iversen  (1963)  showed  that  the  rate  of  uptake  of  (+)-noradrenal ine  was 
equal  or  greater  than  the  rate  of  uptake  of  (-)-noradrenal ine  when  high 
amine  concentrations  were  used. 
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(D)  Temperature  Dependence 

The  transport  of  amines  into  adrenergic  neurones  was  found  to 
be  temperature  sensitive.  The  Q10  for  the  uptake  of  either  noradrena¬ 
line  or  adrenaline  by  the  rat  uterus  was  found  to  be  2.2  indicating  the 
process  is  not  purely  physical  (Green  and  Miller,  1966).  The  tempera¬ 
ture  coefficient  characteristic  of  a  diffusion  process  would  be  about 
1.2.  The  transport  of  the  amines  are  markedly  reduced  when  the  tempera¬ 
ture  of  the  incubation  medium  was  reduced  to  0°C  (Dengler  et  al.3  1962; 
Green  and  Miller,  1966)  or  preincubation  at  55°C  for  10  minutes  (Dengler 
et  al.  ,  1 962) . 

(E)  Effect  of  Metabolic  Inhibition 

Accumulation  of  noradrenaline  by  sympathetic  nerves  occurs  in 
two  steps.  First  there  is  the  transport  of  the  amine  across  the  adren¬ 
ergic  neuronal  membrane  and  secondly  its  incorporation  into  storage 
granules.  Pretreatment  with  reserpine  does  not  interfere  with  the  trans¬ 
port  of  the  amine  into  the  neurone  but  does  inhibit  its  subsequent 
storaqe  (Lindmar  and  Muscholl,  1964;  Iversen,  1967).  Consequently,  in 
reserpine-treated  tissue  only  neuronal  transport  is  measured.  The  trans¬ 
port  of  noradrenaline  across  the  neuronal  membrane  in  reserpine  pre¬ 
treated  tissues  has  been  shown  to  be  energy  dependent  (Wakade  and  Furch- 
gott,  1968;  Paton,  1972). 

Glycolysis  of  exogenous  carbohydrates  alone  can  provide  the 

energy  necessary  to  maintain  the  uptake  of  noradrenaline  by  rabbit  or 
« 

guinea  pig  atria  since  prolonged  anoxia  or  2,4-dinitrophenol  (DNP)  did 
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not  prevent  the  process  provided  D-glucose  was  present  in  the  incubation 
medium  (Wakade  and  Furchgott,  1968;  Paton,  1972).  DNP  uncouples  oxida¬ 
tive  phosphorylation  and  therefore  should  deprive  the  tissue  of  energy 
resulting  from  the  mitochondrial  oxidation  of  endogenous  substrates. 

This  v/ould  leave  glycolysis  as  the  only  significant  source  of  energy. 

The  neuronal  uptake  of  amines  is  not  exclusively  dependent 
upon  carbohydrate  metabolism  either.  The  energy  required  can  also  be 
supplied  by  oxidation  of  noncarbohydrate  endogenous  substances.  The 
evidence  for  this  is  that  prolonged  glucose  deprivation  which  most 
likely  depletes  any  glycogen  reserve  of  the  adrenergic  nerve  terminals 
or  the  addition  to  the  medium  of  the  glycolytic  inhibitors,  iodoacetate 
or  2-deoxy-D-ql ucose ,  does  not  diminish  the  uptake  of  noradrenaline  if 
the  tissues  are  oxygenated  (Wakade  and  Furchqott,  1968;  Paton,  1972). 

The  accumulation  of  noradrenaline  in  atrial  preparations  is 
inhibited  only  when  both  glycolysis  and  oxidation  are  inhibited  simul¬ 
taneously  (Wakade  and  Furchgott,  1968;  Paton,  1972).  Thus  the  energy 
supplied  by  either  qlycolysis  of  exoqenous  carbohydrates  or  oxidation 
of  noncarbohydrate  substrates  can  maintain  the  neuronal  uptake  of  norad¬ 
renaline  and  related  amines. 

The  uptake  of  noradrenaline  in  the  rat  uterus,  vas  deferens 
and  iris  was  also  found  to  be  decreased  when  both  glycolysis  and 
oxidation  were  inhibited  simultaneously  (Hamberger,  1967;  Paton,  1968). 
When  only  either  oxidation  or  qlycolysis  was  inhibited,  the  uptake  of 
noradrenaline  was  prevented  in  cat  heart  slices  (Dengler  et  al.3  1962), 
rat  uterine  horns  (Green  and  Miller,  1966),  and  embryonic  chick  heart 
(Ignarro  and  Shideman,  1968).  Tissue  or  species  differences  may  account 
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for  these  different  results.  The  difference  in  time  of  exposure  to  and 
concentration  of  inhibitors  used  may  be  factors  also. 

-h  ~h 

(F)  Na  and  K  Requirements  for  Transport 

Sodium  ions  are  an  absolute  requirement  in  the  external  medium 
for  the  uptake  and  storage  of  noradrenaline  and  other  related  amines  such 
as  metaraminol  by  sympathetic  nerve  endings  in  the  rat  heart  (Iversen 
and  Kravitz,  1966;  Gill  is  and  Paton,  1967;  Bogdanski  and  Brodie,  1969), 
in  the  rabbit  heart  (Paton,  1971)  and  in  the  rat  brain  synaptosomes 
(Bogdanski  et  al.3  1968;  Colburn  et  dl.3  1968;  Tissari  et  al.3  1969). 

The  stimulatory  effects  of  Na  are  competitively  inhibited  by  high  K 
(Bogdanski  and  Brodie,  1969).  The  action  of  Na+  on  the  uptake  of  the 
amines  is  specific  for  it  cannot  be  replaced  by  electrolytes  such  as  Li+, 

K  ,  Rb  ,  Cs  or  choline  nor  by  non-electrolytes  such  as  sucrose 
(Bogdanski  and  Brodie,  1966;  Paton,  1971). 

Potassium  ions  in  low  concentration  are  needed  in  the  incuba¬ 
tion  medium  for  an  optimal  effect  in  the  transport  of  noradrenaline  and 
other  amines  into  adrenergic  nerve  terminals  (Gill  is  and  Paton,  1  967; 
Colburn  et  al.3  1968;  Paton,  1968;  Bogdanski  and  Brodie,  1969;  Sugrue 
and  Shore,  1969).  Kirpekar  and  Wakade  (1968),  however,  reported  that  K+ 
was  not  needed  for  the  uptake  of  noradrenaline  by  the  perfused  cat  spleen. 
A  failure  to  adequately  deplete  the  tissue  from  K+  before  determining 
noradrenaline  uptake  may  have  resulted  in  this  finding.  The  addition  of 
K+  to  K+-deoleted  heart  slices  restored  amine  transport  completely 
(Sugrue  and  Shore,  1969;  Paton,  1971). 
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(G)  Effect  of  Oubain 

The  cardiac  glycosides  such  as  oubain  are  known  to  specif¬ 
ically  inhibit  the  active  movements  of  Na+  and  K+  across  cell  membranes 
by  inhibiting  the  Na+-K+  activated  adenosine  triphosphatase  (membrane 
ATPase)  (Glynn,  1964;  Skou ,  1965).  Cardiac  alycosides  inhibit  the  ac¬ 
tive  transport  of  a  wide  variety  of  substances  in  a  large  number  of 
tissues  and  in  many  different  species  (Wolff,  1960;  Parrish  and  Kipnis, 
1964;  Berndt  and  Beechwood,  1965;  Csaky  and  Hara,  1965;  Pletscher  et  dl.  3 
1967). 

Dengler  et  al.  (1961b)  first  showed  that  oubain  inhibited  the 
accumulation  of  noradrenaline  by  brain  and  heart  slices.  That  oubain 
exerted  this  effect  by  inhibiting  the  transport  of  noradrenaline  across 
the  neuronal  membrane  rather  than  by  acting  on  storage  granules  was  first 
suggested  by  Carlsson  et  al.  (1963).  Later  it  was  shown  that  oubain 
blocked  the  transport  of  noradrenaline  and  metaraminol  across  the  neur¬ 
onal  membrane  in  rabbit  and  rat  heart  slices  (Giachetti  and  Shore,  1966) 
and  by  rat  brain  synaptosomes  (Tissari  et  al.  3  1969).  Oubain  exerts 
this  effect  by  acting  as  a  non-competitive  inhibitor  (Berti  and  Shore, 
1967). 

The  findings  that  tissues  take  up  noradrenaline  and  structur¬ 
ally  related  amines  by  a  process  which  is  inhibited  by  oubain  and  is 
dependent  upon  energy,  temperature,  Na+  and  K+  suggest  that  membrane 
ATPase  is  involved.  Bogdanski  and  Brodie  (1969)  have  postulated  that 
noradrenaline  transport  is  analogous  to  that  proposed  by  Crane  (1965) 
and  Kipnis  and  Parrish  (1965)  to  account  for  the  carrier  mediated  trans¬ 
port  by  tissues  of  sugars  and  amino  acids.  According  to  the  Bogdanski 
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and  Brodie  model,  the  affinity  of  the  carrier  for  the  amine  is  dependent 

upon  its  ionic  environment,  beinq  increased  by  Na+.  Outside  the  nerve 

cell  where  the  Na  concentration  is  high  and  K  concentration  is  low, 

the  carrier  has  a  high  affinity  for  the  amine.  The  amine  and  Na+  are 

co-transported  by  the  carrier  inside  the  adrenergic  neurone.  The  energy 

for  this  is  provided  by  the  downhill  movement  of  Na+.  Once  inside  the 

cell,  the  amine  is  released  where  the  affinity  of  the  carrier  for  the 

amine  is  lowered  by  the  low  intracellular  Na+  concentration  and  the  high 

+ 

intracel lular  K  concentration.  After  its  release  from  the  carrier, 
the  amine  is  stored  in  intraneuronal  granules.  The  inward  transport  of 
the  amine  is  continued  since  the  inward  Na+  gradient  is  maintained  by 
pumping  Na+  out  of  the  cell  by  the  sodium  pump  which  is  linked  to  the 
Na+-K+  activated  ATPase. 

-f* 

The  transport  of  noradrenal  ine  is  blocked  by  oubain  or  K  - 
free  incubation  medium  by  inhibiting  the  membrane  ATPase.  Inhibition 
lowers  the  concentration  gradient  of  Na+  by  raising  the  intracellular 
Na+.  According  to  the  Boqdanski-Brodie  model,  ATPase  plays  an  essential 
but  secondary  role  in  the  transport  of  noradrenaline.  Its  primary 
function  is  to  maintain  the  Na+-K+  gradient. 

Several  findings  suggest  that  the  inwardly  directed  sodium 
gradient  or  the  outwardly  directed  K+  gradient  as  suggested  by  the 
Bogdanski  and  Brodie  model  cannot  be  the  only  source  of  energy  required 
for  the  uptake  of  amines  by  the  adrenergic  nerves.  When  the  sodium 
pump  was  inhibited,  an  induced  inward  Na+  gradient  failed  to  cause  the 
uptake  of  the  amine  (Tissari  et  al.3  1969;  White  and  Keen,  1970;  Paton, 
1971).  The  uptake  of  noradrenaline  was  not  determined  by  the  intracell- 

4.  t  + 

ular  Na  concentration  (White  and  Keen,  1970).  An  induced  outward  Na 
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gradient  failed  to  cause  an  uphill  efflux  of  the  amine  (Paton,  1971). 

An  alternate  possibility  is  that  the  membrane  ATPase  may  be  necessary 
for  amine  transport  because  the  carrier  must  be  first  phosphorylated 
before  the  translocation  of  the  amine  can  occur  (Tissari  et  al.3  1969; 
Paton,  1971). 

Summary 

The  uptake  of  exogenous  noradrenaline  and  structurally  re¬ 
lated  amines  may  be  mediated  by  an  active  transport  system  located  in 
the  axonal  membrane  of  adrenergic  nerves.  The  evidence  in  favor  of  such 
a  process  can  be  summarized: 

1.  The  initial  rates  of  noradrenaline  uptake  are  saturable 
and  described  by  Michael is-Menten  kinetics. 

2.  Noradrenaline  uptake  is  temperature  dependent  with  a 
temoerature  coefficient  of  2.2. 

3.  Noradrenaline  uptake  is  inhibited  by  metabolic  inhibitors 
such  as  iodoacetate  and  2,4-dinitrophenol . 

-f-  *1“ 

4.  The  uptake  of  noradrenaline  requires  Na  and  K  .  Removal 
of  Na+  from  the  external  medium  markedly  reduced  the 
accumulation  of  noradrenaline.  Although  high  concentrations 
of  K+  are  inhibitory,  low  concentrations  are  required  to 
maintain  normal  rates  of  uptake. 

5.  Noradrenaline  uptake  is  inhibited  by  oubain. 
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(H)  Objective  of  Thesis 


The  aim  of  this  thesis  is  to  investigate  the  characteristics 
of  the  transport  of  ephedrine  by  pieces  of  rabbit  atria.  The  possibil¬ 
ity  that  the  transport  of  ephedrine  could  occur  by  passive  diffusion, 
active  transport,  or  co-transport  or  even  by  a  similar  mechanism  as 
noradrenaline  will  be  investigated.  Thus  answers  to  the  following 
questions  were  sought: 

1.  Is  ephedrine  accumulated  against  a  concentration  gradient? 

2.  If  so,  is  the  accumulation  saturable  and  described  by 
Michael i s-Menten  kinetics  or  does  it  increase  linearly? 

3.  Is  the  accumulation  of  ephedrine  temperature  dependent? 

4.  What  are  the  effects  of  metabolic  inhibition? 

5.  What  are  the  effects  of  Na+  and  also  its  substitution 
with  other  electrolytes  and  non-electrolytes? 

6.  What  is  the  effect  on  accumulation  by  oubain? 

7.  Does  the  accumulation  of  ephedrine  show  any  structural 
specificity? 

Is  ephedrine  transported  across  the  adrenergic  neurone 
in  a  manner  similar  to  noradrenaline? 


8. 


III.  METHODS  AND  MATERIALS 


(A)  Preparation  of  Tissue 

Adult  male  New  Zealand  rabbits  weighing  4  to  5  lbs  were  killed 
by  a  blow  on  the  neck.  The  hearts  were  rapidly  removed  and  rinsed  in 
Krebs  solution  at  room  temperature.  After  both  atria  had  been  dissected 
free  of  the  ventricles  and  adipose  tissue,  they  were  rinsed  in  Krebs 
solution,  and  cut  into  ten  approximately  equal  pieces,  weighing  20  to 
40  mg  each.  Atrial  pieces  were  then  placed  in  25  ml  Erlenmeyer  flasks, 
containing  10  ml  Krebs  solution.  The  flasks  were  placed  in  a  Dubnoff 
metabolic  shaking  incubator  at  37°C  for  30  min  and  equilibrated  with  95% 
oxygen/5%  carbon  dioxide. 

i 

Tissues  used  for  time  course  and  kinetic  experiments  were 
placed  in  incubation  media  containing  the  appropriate  concentration  of 
radioactive  ephedrine  and  incubated  at  37°C  for  the  length  of  time  re¬ 
quired.  Tissues  used  in  experiments  involving  the  effect  of  different 
drugs  on  ephedrine  accumulation  were  preincubated  for  30  min  in  incuba- 
ion  media  containing  the  druq. 

(B)  Determination  of  1 hC  Content  of  Tissues  and  Media 

At  the  end  of  the  incubation  period,  the  pieces  of  atria  were 
removed  with  forceps,  blotted,  placed  in  preweighed  liquid  scintillation 
"Minivials"  and  the  vials  weighed.  The  tissues  were  then  dissolved  in 
NCS  solubilizer  (Amersham/Searl e)  using  0.4  ml  per  minivial  at  37°C  for 
at  least  18  hours.  After  making  sure  the  tissues  were  completely 
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dissolved,  10  yl  of  glacial  acetic  acid  was  added  to  neutralize  the 
solution  and  thus  to  minimize  chemiluminescence  (Bransome,  1970). 

4.5  ml  of  a  toluene-based  scintillation  fluor  was  added.  The 
fluor  had  the  following  composition:  2 ,5-diphenyl oxazole  (PPO),  5  g; 

1 ,4-bis-[2-(5-phenyloxazolyl )]-benzene  (P0P0P),  200  mg;  ethylene  glycol 
monoethyl  ether,  300  ml;  and  toluene,  700  ml.  The  total  i4C  content  was 
measured  after  the  vials  had  been  cooled  to  room  temperature  and  dark 
adapted. 

Duplicate  or  triplicate  0.2  ml  portions  of  incubation  media 
were  added  to  mini  vials  followed  by  3  ml  PCS  (Amersham/Searle) .  The 
vials  were  dark  adapted  and  counted  for  14C  content. 

Total  14C  in  tissue  and  in  incubation  media  were  counted  in 
a  Picker  Nuclear  Liquid  Scintillation  Counter  (Liquimat  110)  which  had 
a  counting  efficiency  for  14C  of  over  90%  in  aqueous  samples.  Samples 
were  corrected  for  quench  using  the  channels  ratio  method. 

(C)  Purity  of  1 4 C -Ephedrine 

Radioactive  ephedrine  labelled  with  14C  in  the  3  position  was 
obtained  from  Schwarz/Mann.  100  yCi  of  (±)-ephedrine  hydrochloride  was 
supplied  in  a  lyophilized  form  with  a  label  claim  of  20  mc/mmole. 
Initially  the  drug  was  dissolved  in  its  vial  in  5  ml  of  freshly  made-up 
diluent  consisting  of  0.1  mM  di sodium  EDTA  and  1  mM  HC1  in  water.  This 
represented  a  stock  solution  of  1 4C-ephedrine  of  10"3  M.  From  this  a 
ten-fold  dilution  was  made  up  with  the  same  diluent  and  served  as  the 
working  solution. 

The  purity  of  radioactive  ephedrine  was  examined  chromato- 


. 
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graphically  in  two  different  solvent  systems.  In  the  first  system  using 
thin-layer  plates  precoated  with  cellulose,  aliquots  of  the  stock  and 
working  solutions  were  spotted  and  run  in  a  n-butanol -methanol -1  N 
formic  acid  (60:20:20)  system  according  to  Fleming  and  Clark  (1970). 

The  second  system  consisted  of  aliquots  spotted  on  Whatman  #1  paper  and 
run  in  n-butanol -acetic  acid-  water  (2:1:1)  according  to  the  manufacturer's 
system.  In  each  case  development  was  allowed  to  proceed  10  cm.  After 
the  chromatogram  was  dried,  each  cm  or  1/2  cm  was  marked  off  from  the 
origin  to  the  solvent  front.  The  thin  layer  plate  was  scraped  off  into 
minivials  and  the  Whatman  #1  paper  was  cut  with  scissors  into  1  cm  strips. 
Five  ml  of  the  toluene  based  scintillation  fluor  was  added  and  total  14C 
counted  in  a  Picker  Liquimat  110  Liquid  Scintillation  Counter.  A  second 
chromatogram  run  concurrently  consisted  of  a  solution  of  10_1  PI  carrier 
cif-ephedrine. 

(D)  Chromatogrphic  Analysis  of  14 C-Ephedpine 

The  results  in  figure  1  showed  no  evidence  of  more  than  a 
single  labelled  component.  The  peak  had  an  Rp  value  for  1 4C-ephedrine 
of  0.78  and  0.88  for  thin-layer  and  paper  chromatography  respectively 
when  cochromatographed  with  10_1  M  carrier  ephedrine.  These  values 
were  identical  to  those  obtained  with  10"1  M  carrier  ephedrine  shown  in 
figure  2. 
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Distance  from  origin 


FIGURE  1.  Chromatographic  analyses  of  1 4C-ephedri ne  working  solution. 
The  data  are  expressed  as  counts  per  minute  above  background, 
uncorrected  for  quenching.  The  results  of  the  thin-layer  chromatogram 
are  shown  on  the  left  and  that  of  the  paper  chromatogram  on  the  right. 
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FIGURE  2..  Chromatographic  analysis  of  carrier  ephedrine  and 
phenylpropanolamine.  The  results  of  the  thin-layer  chromatogram 
are  shown  on  the  left  and  that  of  the  paper  chromatogram  on  the  right, 
(a)  represents  1  \il  of  ephedrine,  10_1  M;  (b)  represents  1  of 
phenylpropanolamine,  10'1  M;  and  (c)  represents  1  \il  of  a  mixture 
of  the  two  amines. 
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(E)  Solutions 

The  Krebs  bicarbonate  medium  used  had  the  following  ionic 


D-Glucose,  10;  Na2EDTA,  0.04;  ascorbate,  0.05. 

KC1  was  omitted  without  substitution  in  potassium-free  solu¬ 
tions.  Equimolar  amounts  of  sucrose,  or  2-deoxy-D-gl ucose  in  one  case, 
were  substituted  for  glucose  in  the  glucose-free  solutions.  Solutions 


containing  different  Na+  concentrations  were  made  by  replacing  NaCl  with 


equimolar  amounts  of  L i Cl .  Low-sodium  solutions  consisted  of  iso- 
osmotic  replacement  of  NaCl  with  Li  Cl ,  CsCl  ,  KC1  ,  choline  chloride  and 
sucrose.  All  solutions  were  made  using  distilled  water  which  was  passed 
through  a  deionizer  before  use.  The  pH  of  all  solutions  was  maintained 
between  7.3  and  7.5.  Unless  otherwise  stated,  all  incubations  were  at 
37°C  and  95%  0 2/5%  C02  was  used  to  equilibrate  the  solutions.  All  drugs 
and  chemicals  were  weighed  out  daily  as  required. 

(F)  Drugs  and  Chemioals 

The  following  drugs  and  chemicals  were  used  and  obtained  from: 


(±)-ephedri ne.HCl 
(-)-eDhedri ne.HCl 
(+)-ephedri  ne.HCl 
(-)-ephedri ne.HCl 
3-phenethyl amine 
Tyrami ne.HCl 


Mann  Research  Lab. 


Sigma  Chemical  Co. 
Regis  Chemical  Co. 
Sigma  Chemical  Co. 
Sigma  Chemical  Co. 
Siqma  Chemical  Co. 


Dopamine. HC1 


Sigma  Chemical  Co.- 
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(±) -phenyl  propanol  ami  ne.HCl 
Metarami nol  bi tartrate 
(±)-  -methyl noradrenal  i ne.HCl 
(±) -phenyl  ethanol  ami  ne. 
(±)-octopami ne.HCl 
(±) -noradrenal i ne.HCl 
(-)-amphetamine  sulfate 
(+)-amphetamine  sulfate 

(± )-parahydroxyamphetami ne . HBr 
(±)-i soproterenol . HC1 
Phentermi ne.HCl 
(±)-normetanephri  ne.HCl 
Ouabain 

2-deoxy-D-glucose 
Iodoacetic  acid 
a-dinitrophenol 
Sodium  azide 
Cocaine-HCl 
Desiprami ne.HCl 
Lidocai ne.HCl 
Phenoxybenzami ne . HC1 
Phentol amine 
Testosterone 
Estradiol 

6-  Hydroxydopami ne . HBr 
SKF-550 


Sigma  Chemical  Co. 
Merck,  Sharp  &  Dohme 
Regis  Chemical  Co. 
Sigma  Chemical  Co. 
Sigma  Chemical  Co. 
Sigma  Chemical  Co. 
Smith,  Kline  &  French 
Smith,  Kline  &  French 
Smith,  Kline  &  French 
Winthrop  Lab. 

Anca  Lab 

Sigma  Chemical  Co. 
Sigma  Chemical  Co. 
Aldrich  Chemical  Co. 
Eastman  Kodak  Co. 
Fisher  Scientific  Co. 
Fisher  Scientific  Co. 
British  Drug  Houses 
Geigy 

Astra  Pharmaceuticals 
Smith,  Kline  &  French 
Ciba 

Sigma  Chemical  Co. 
Regis  Chemical  Co. 
Regis  Chemical  Co. 
Smith,  Kline  &  French 
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(G)  Preparation  of  Denervated  Tissues 

Adrenergic  denervation  was  produced  using  6-hydroxydopamine. 

6- Hydroxydopamine  was  dissolved  in  1  ml  freshly  prepared  ]%  ascorbic 
acid  in  ice  cold  normal  saline  and  injected  immediately  into  the  lateral 
ear  vein.  Rabbits  were  given  30  mg  each  at  9:00  hr  on  day  1,  followed 
by  90  mg  at  16:00  hr  on  day  1 ,  and  90  mg  again  at  9:00  hr  on  day  2. 

They  were  killed  at  about  10:00  hr  on  day  3  and  their  hearts  removed. 

( H )  Expression  of  Results 

The  accumulation  of  1 4C-ephedrine  was  expressed  in  one  of  the 
following  ways: 

(a)  pmoles/gm  wet  weight  tissue 

disintegrations  per  min/qm  wt  tissue 
disintegrations  per  min/pmole  1 4C-ephedrine 

(b)  T/M  ratio 

disintegrations  per  min/gm  wt  tissue 
disintegrations  per  min/ml  incubation  medium 

(I)  Metabolism  of  1 4 C-Ephedrine  in  the  Tissues 

To  investigate  the  possibility  that  ephedrine  metabolites  may 
be  present,  pieces  of  atria  were  incubated  in  media  containing  14C- 
ephedrine  for  1  hour.  The  tissues  were  then  removed  and  blotted.  These 
were  pooled  and  homogenized  in  0.1  N  HC1  containing  0.1  mM  Na2EDTA  in  a 
ground-glass  grinder.  The  homogenate  was  centrifuged  at  0°C  and  the 
supernatant  poured  off  and  saved.  The  supernatant  was  then  concentrated 
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over  a  stream  of  air.  An  aliquot  of  this  concentrated  extract  was  then 
taken  for  thin-layer  and  paper  chromatography.  Also  aliquots  of  the 
incubation  media  before  and  after  the  incubation  of  the  tissue  and  the 
supernatant  before  concentration  by  a  stream  of  air  were  chromatographed. 
The  location  of  14C  was  determined  by  counting  successive  1/2  cm  portions 
of  the  chromatograms  by  liquid  scintillation  spectrometry. 

Chromatographic  analysis  of  the  concentrated  tissue  extract 
shown  in  figure  3  revealed  only  one  radioactive  peak  which  had  an  Rp 
value  identical  to  the  cold  ephedrine  in  figure  2  and  also  to  the  14C- 
ephedrine  working  solution.  The  results  were  similar  when  the  incubation 
media  before  and  after  tissue  incubation  and  the  supernatant  before 
concentration  were  chromatographed.  Subsequently  in  this  study,  measure¬ 
ments  of  radioactivity  in  the  tissue  will  be  expressed  as  1 4C-ephedrine. 

Axelrod  (1953)  showed  that  in  rabbits  and  some  other  animals, 
the  N-demethylated  product  of  ephedrine,  phenylpropanolamine,  was  ex¬ 
creted.  It  is  expected  that  ephedrine  would  be  N-demethylated  enzymat¬ 
ically  in  the  liver  but  not  in  the  heart.  Figure  2  shows  that  ephedrine 
and  phenylpropanolamine  have  almost  identical  values  in  the  two 
systems  used  and  thus  it  would  not  be  possible  to  detect  phenylpropanol¬ 
amine  if  it  is  present  in  significant  amounts.  The  result  is  not  un¬ 
expected  since  the  two  amines  are  very  similar  in  structure  and  polarity. 

(J )  Statistical  Analysis 

Results  were  expressed  as  the  mean±standard  error  of  the  mean. 
Significant  differences  between  samples  were  determined  using  Student's 
t-test  and  were  considered  to  be  significant  when  p<0.05  (two-tailed  test). 
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Distance  from  origin  (cm)  Distance  from  origin(cm) 


FIGURE  3.  Chromatographic  analysis  of  pooled  tissue  extracts.  The 
data  are  expressed  in  counts  per  minute  above  background,  uncorrected 
for  quenching.  The  result  of  the  thin-layer  chromatogram  is  shown 
on  the  left  and  that  of  the  paper  chromatogram  on  the  right. 
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IV.  RESULTS 


(A)  Effect  of  Drugs  and  Conditions  on  Tissue  Weight  Loss 

In  this  study,  calculation  of  uptake  was  dependent  upon  the 

final  tissue  weight.  The  effects  of  the  experimental  procedures  were 

therefore  examined.  Table  1  shows  the  results  of  this  study.  It  can 

be  seen  that  in  all  cases,  weight  was  always  lost.  Tissues  only  showed 

+ 

shrinkage  when  they  were  incubated  in  low  Na  plus  210  mM  sucrose.  Thus 
a  falsely  high  T/M  ratio  would  result.  There  was  evidence  of  tissue 
swelling  when  the  tissue  was  exposed  to  metabolic  inhibitors,  particularly 
when  both  the  glycolytic  and  oxidative  pathways  were  inhibited.  This 
would  consequently  result  in  a  falsely  lower  T/M.  The  remainder  of  the 
drugs  or  conditions  produced  little  or  no  change  in  the  weight  of  the 
tissue  compared  to  the  control.  This  study  illustrates  the  care  which 
must  be  taken  in  the  interpretation  of  results  because  significant 
changes  may  be  produced  just  by  the  shrinkage  or  swelling  of  the  tissue 
under  experimental  conditions. 

(B)  Ephedrine  Uptake 

The  effect  of  different  incubation  times  on  the  uptake  of  14C- 
ephedrine  (T/M  ratio)  is  shown  in  figure  4.  The  upper  curve  shows  the 
uptake  of  ephedrine  when  the  concentration  was  10_G  M  and  the  lower  curve 
shows  the  uptake  when  the  concentration  of  the  amine  in  the  medium  was 
10"3  M.  The  two  curves  are  similar  in  that  accumulation  was  time 
dependent,  net  uptake  becoming  progressively  slower  with  time.  Ephedrine 
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TABLE  1 

EFFECT  OF  DRUGS  AND  CONDITIONS  ON  TISSUE  WEIGHT  LOSS 

•Tissues  were  washed  for  30  minutes,  blotted  and  weighed  and 
then  exposed  to  two  30  min  periods  to  the  treatment  shown.  Tissues  were 
weighed  immediately  thereafter.  Mean  ±  S.E.  of  6  observations. 


TREATMENT 

%  WT.  LOSS 

t-TEST 

Control 

27°C 

,14.3±1 .6 

1 6 . 7±2 . 1 

NS 

4°C  (ice) 

1 0 . 5±1  .7 

NS 

Oubain,  10" 4  M 

12.1 ±2 . 0 

NS 

Phentermine,  10" 3  M 

1 3 . 7±1 .3 

NS 

icr2  m 

14.2±2.0 

NS 

Low  Na+  +  Li  Cl  (116  mM) 

1 4 . 6±1 .5 

NS 

+  Sucrose  (210  mM) 

20.3±1 .3 

p<0.05 

Control 

1 7 . 1 ±1 .5 

2-deoxy-D-plucose,  2  x  10-3  M 

13.0±0.8 

p<0.05 

Iodoacetate,  10“3  M 

1 6 . 4±2 . 1 

NS 

2,4-Oinitrophenol  ,  5  x  10"4  M 

13.1 ±3. 7 

NS 

Sodium  Azide,  10" 3  M 

11.9±1 .8 

NS 

2 ,4-Di ni troDhenol  ,  5xlO"4M  +  Iodoacetate,  1 0 “ 3 M 

5 . 1  ±0 . 5 

p<0.001 

G1 ucose-free 

12.7±3.0 

•NS 

*  +  2-deoxy-D-glucose,  10  mM 

13.4±2.4 

NS 

+  Iodoacetate,  10'3  M 

8.8±1 .1 

p<0.005 

+  2,4-Dinitrophenol ,  5xlO"4M 

1 1 .0+3.3 

NS 
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was  initially  accumulated  by  slices  of  rabbit  atria  very  rapidly  and 

after  a  short  period  of  incubation,  the  amount  in  the  tissue  exceeded 
that  in  the  medium.  Steady-state  levels  were  reached  at  about  1  hour 
of  incubation.  The  two  curves  differ  in  that  the  T/M  ratio  was  lower 
at  all  incubation  times  when  the  higher  concentration  of  ephedrine  was 
present  in  the  incubation  medium  and  also  a  shorter  time  of  incubation 
was  required  for  the  tissue  to  concentrate  ephedrine  above  that  found  in 
the  medium  when  the  lower  concentration  of  the  amine  was  used. 

(C)  Effect  of  Concentration  on  Ephedrine  Uptake 

At  the  end  of  1  hour  incubation  the  T/M  ratio  was  2.0  at  the 
higher  ephedrine  concentration  whereas  it  was  2.7  at  the  lower  concentra¬ 
tion  (figure  4),  and  thus  indicated  that  some  saturation  had  taken  place. 
This  led  to  a  study  in  which  the  uptake  of  ephedrine  by  rabbit  atria 
was  measured  after  30  min  incubation  at  external  amine  concentrations 
varying  from  2.5  x  10"7  M  to  10"3  M.  Figure  5  shows  that  as  the  concen¬ 
tration  of  ephedrine  in  the  incubation  medium  was  increased,  uptake 
(expressed  as  pmoles/qm  wet  tissue)  increased  progressively  without  an 
indication  of  a  maximum  being  approached.  It  should  be  mentioned  that 
although  the  accumulation  of  ephedrine  does  not  appear  to  approach  a 
maximum,  it  may  not  necessarily  mean  that  the  system  is  non-saturabl e 
but  that  it  may  saturate  at  only  inaccessibly  high  concentrations. 

Since  such  a  wide  concentration  range  of  ephedrine  was  used  and  the 
results  in  figure  4  indicated  saturation,  the  results  of  figure  5  were 
re-expressed  as  concentration  ratios  (T/M  ratios)  to  detect  small 
changes.  It  can  be  seen  in  figure  6  that  the  T/M  ratios  slowly  decreased 
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FIGURE  4.  1 4C-ephedri ne  accumulation  by  rabbit  atrial  pieces.  The 

tissue/medium  (T/M)  concentration  ratio  of  ephedrine  is  plotted  against 
the  duration  of  incubation  (minutes)  and  is  shown  as  the  mean  ±  S.E. 

• - 1,  the  ephedrine  concentration  in  the  medium  was  10" 6  M. 

o - o,  10'3  M  ephedrine  was  added  to  10"6  M  labelled  ephedrine  as  a 

carrier.  There  were  6-18  observations  for  each  point. 
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DL-  Ephedrine  (M) 


FIGURE  5.  Effect  of  concentration  on  ephedrine  uptake  by  rabbit  atria. 
Tissues  were  incubated  for  30  min  at  37°C  in  Krebs  solution  containing 
concentrations  of  ephedrine  varying  from  2.5  x  10-7  to  10’ 3  M.  At 
ephedrine  concentrations  greater  than  5  x  10-7  M,  carrier  (±)-ephedri ne 
was  added  to  make  up  the  desired  concentration  with  5  x  10“7  M  labelled 
ephedrine.  Mean  values  of  10  observations.  S.E.s  fall  inside  the  circles. 
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Ephedrine  concentration  (M) 


FIGURE  6.  T/M  ratio  at  different  ephedrine  concentrations.  The  tissue 
to  medium  ratio  of  ephedrine  is  plotted  against  the  concentration  of 
ephedrine  in  the  medium  and  is  shown  as  the  mean  ±  S.E.  At  ephedrine 
concentrations  greater  than  5  x  10“7  M,  carrier  (±)-ephedri ne  was  added 
to  make  up  the  desired  concentration  with  5  x  10"7  M  labelled  ephedrine. 
Incubation  time  was  30  min.  There  were  10  observations  for  each  point. 
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from  a  value  of  approximately  2.35  at  an  ephedrine  concentration  of 
2.5  x  10"7  M  in  the  incubation  medium  to  1.7  at  10~3  M  indicating  some 
saturation  has  taken  place.  Because  of  the  small  amount  of  radioactiv¬ 
ity  found  in  the  tissue,  it  was  not  possible  to  use  ephedrine  concentra¬ 
tions  in  the  medium  lower  than  2.5  x  10~7  M. 

(D)  Initial  Rates  of  Ephedrine  Accumulation 

As  shown  in  figures  4  and  6  the  uptake  of  ephedrine  indicated 
a  tendency  towards  saturation.  Therefore  an  attempt  was  made  to  show 
whether  this  uptake  can  be  described  in  terms  of  the  classical  Michealis- 
Menten  equation  for  enzyme  kinetics.  In  order  to  do  so,  the  initial 
rates  of  uptake  (the  velocity  component)  was  measured  at  varyina  ephe¬ 
drine  concentrations  and  at  the  shortest  incubation  time  possible. 

Figure  7  shows  that  when  ephedrine  concentrations  were  varied  from  2.5  x 
10-7  M  to  1CT2  M,  the  amine  accumulated  in  the  tissue  at  a  uniform  rate 
without  any  indication  of  maximum  velocity  being  approached.  The  rapid 
initial  phase,  therefore,  cannot  be  described  by  the  Micheal is-Menton 
equation.  It  appears  from  these  results  to  be  due  solely  to  a  passive 
diffusion  process. 

(E)  Effect  of  Various  Amines  on  Ephedrine  Accumulation 

A  wide  variety  of  sympathomimetic  amines  are  known  to  inhibit 
the  uptake  of  noradrenaline.  The  effect  of  some  of  these  amines  on  the 
uptake  of  ephedrine  (T/M  ratio)  was  studied.  Table  2  shows  that  only 
normetanephrine  of  the  amines  studied  failed  to  decrease  ephedrine 
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io~7  10  6  10  5  io"4  I0-3  10' 

DL-  Ephedrine  (M) 


FIGURE  7.  Initial  rates  of  ephedrine  accumulation.  Tissues  were 
incubated  for  10  min  at  37°C  in  Krebs  solution  containing  concentra¬ 
tions  of  (±) -ephedrine  varying  from  2.5  x  10" 7  M  to  10" 2  M.  Mean 
values  of  6  observations. 
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accumulation  siqnif icantly.  Phentermine  caused  the  greatest  inhibition 
of  ephedrine  uptake  but  even  in  its  presence  a  large  fraction  of  ephe- 
drine  still  accumulated. 

The  effects  on  ephedrine  accumulation  by  10“7  M  to  10"2  M 
phentermine  was  subsequently  studied  in  more  detail.  The  results  are 
shown  in  figure  8.  Concentrations  of  phentermine  less  than  10-5  M  had 
no  effect  on  the  uptake  of  ephedrine.  The  uptake  of  ephedrine  is  only 
slowly  decreased  with  increasing  concentrations  of  phentermine  in  the 
incubation  medium,  and  furthermore  there  is  no  indication  of  maximal 
inhibition  being  produced.  Increasing  the  phentermine  concentration  in 
the  incubation  medium  1000-fold  from  10”5  M  to  10~2  M  caused  only  a 
small  decrease  in  the  T/M  ratio  from  approximately  2  to  1.3. 

From  the  results  shown  in  table  2,  the  possibility  must  be 
considered  that  the  inhibition  of  ephedrine  by  amines  may  be  related 
to  the  number  of  hydroxyl  groups  the  amine  possesses.  The  various  amines 
were  grouped  as  shown  in  table  3  to  illustrate  the  effects  of  phenolic 
hydroxyl  groups  on  ephedrine  uptake.  It  can  be  seen  that  those  amines 
in  each  group  which  lacked  phenolic  hydroxyl  groups  all  caused  the 
greatest  inhibition  of  ephedrine  accumulation.  The  amines  which  possess 
two  phenolic  hydroxyl  groups,  however,  inhibited  ephedrine  uptake 
approximately  to  the  same  extent  as  those  amines  which  possess  one 
phenolic  group.  Because  of  the  small  amount  of  inhibition  produced  by 
the  amines  possessing  1  or  2  phenolic  hydroxyl  groups,  it  was  not 
possible  to  be  able  to  detect  any  other  structural  specificities  on 
ephedrine  transport. 

Whether  or  not  ephedrine  transport  exhibits  stereochemical 


< 


. 

, 

' 


TABLE  2 


EFFECT  OF  VARIOUS  AMINES  ON  EPHEDRINE  ACCUMULATION 


Tissues  were  preincubated  for  30  min  in  normal  Krebs 
solution  containing  the  amines  at  a  concentration  of  10"3  M. 
10"6  M  ephedrine  was  then  added  for  an  additional  30  min. 


Mean  ±  S.E.  of  10  observations. 

TREATMENT 

Control  (normal  Krebs) 

Metarami nol 
Noradrenal ine 
Normetanephrine 
Isoproterenol 
Phentermine 


T/M _ t-TEST 


2.08 

+ 

0.06 

1.77 

+ 

0.04 

P 

<  0.001 

1 .87 

+ 

0.07 

P 

<  0.05 

1.96 

+ 

0.08 

NS 

1 .83 

+ 

0.08 

P 

<  0.02 

1.55 

+ 

0.07 

p 

<  0.001 

' 

' 
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FIGURE  8.  Effect  of  phentermi ne  on  ephedrine  accumulation.  Tissues 
were  exposed  to  varying  concentrations  of  phentermi ne  for  30  min. 

5  x  10"7  M  ephedrine  was  added  for  an  additional  30  min.  Mean  ±  S.E. 
of  6  observations.  The  control  value  is  shown  on  an  histogram. 
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TABLE  3 


EFFECTS  OF  PHENOLIC  HYDROXYL  GROUPS  OF  EPHEDRINE  UPTAKE 

Tissues  were  preincubated  for  30  min  in  the  presence  of  the 
amines  at  10" 3  M.  5  x  TO"7  M  ephedrine  was  added  for  an  additional 
30  min.  Mean  ±  S.E.  of  10  observations  except  in  Group  IV  where  there 
were  6.  Asterisks  indicate  values  significantly  different  from  control. 

NO.  PHENOLIC 

AMINE _ HYDROXYLS _ J/M _ t-TEST 


Control  (No  amine) 


2.13+0.10 


Group  I 

3-phenethyl amine 

Tyramine 

Dopamine 


0  *1.63±0.04 

1  1.89±0.08  p<0. 02 

2  1 . 91 ±0. 1 1  p<0.05 


Group  II 

Phenyl  propanol  amine 
Metarami nol 
a-methyl noradrenal  i ne 


0  *1.67±0.07 

1  1.88±0.08  NS 

2  2.1 0±0.11  p<0. 005 


Group  III 

Phenyl  ethanol  amine 
Octopamine 
Noradrenal ine 


0  *1.72±0.06 

1  1.87±0.07  NS 

2  *1.86±0.06  NS 


Group  IV 

Amphetamine 
p-hydroxyamphetami ne 
a-methyl dopamine 
Control  (No  amine) 


0  *1.48±0.06 

1  *1 . 61 ±0 . 02  NS 

2  '  *1.74±0.07  p<0.05 

2.08±0.09 
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specificity  was  next  considered.  The  effect  of  (±)-,  (-)-»  (+)- 

i|;-ephedrine  and  (+)-  and  (-)-amphetamine  isomers  on  ephedrine  uptake  was 
studied.  It  can  be  seen  in  table  4  that  the  ephedrine  isomers  at  a 
concentration  of  10-3  M  all  significantly  decreased  the  uptake  of 
labelled  ephedrine  with  approximately  the  same  potency.  Lower  concentre 
tions  of  ephedrine  and  also  the  amphetamine  isomers,  5  x  10-5  M,  were  sub 
sequently  studied  in  an  attempt  to  detect  differences  in  potencies.  The 
results  in  table  4,  part  b,  show  that  all  ephedrine  and  amphetamine 
Isomers  at  a  concentration  of  5  x  10~5  M  slightly  decreased  the  uptake 
of  labelled  ephedrine  but  with  equal  potency. 

(F)  Inhibition  of  Ephedrine  Uptake  by  Cocaine  and  Desiyvamine 

The  effects  on  ephedrine  uptake  of  the  specific  uptakei 
inhibitors,  2  x  10'5  -  2  x  10"3  M  cocaine  and  10-6  -  10'4  M  desipramine, 
were  studied.  Since  high  concentrations  of  cocaine  and  desipramine  may 
act  on  the  tissue  as  local  anesthetics,  the  effect  of  5  x  10“5  -  5  x  10" 
M  lignocaine,  a  local  anesthetic  known  not  to  inhibit  uptakei,  was  also 
studied.  It  can  be  seen  in  figure  9  that  all  three  drugs  produced  a 
concentration  dependent  inhibition  of  ephedrine  accumulation.  Cocaine 
and  desipramine  inhibited  ephedrine  accumulation  with  approximately 
equal  potency.  Lignocaine  was  much  less  potent  at  lower  concentrations 
and  thus  eliminating  the  possibility  that  the  inhibitory  effect  is  due 
to  a  local  anesthetic  effect.  At  the  highest  concentrations  used, 
lignocaine  inhibited  ephedrine  accumulation  as  potently  as  cocaine  or 
desipramine.  However,  in  all  cases,  the  local  anesthetic  effect  was 
small  since  a  laroe  fraction  of  ephedrine  still  accumulated. 
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TABLE  4 


EFFECT  OF  THE  ISOMERS  OF  EPHEDRINE  AND  AMPHETAMINE  ON  EPHEDRINE  UPTAKE 

Tissues  were  preincubated  for  30  min  in  the  presence'  of  the 

amines.  5  x  10"7  M  ephedrine  was  added  for  an  additional  30  min. 

Mean  ±  S.E.  of  10  observations  in  (a)  and  6  in  (b). 

TREATMENT  T/M  t-TEST 

(a)  10"3  M  Amines 

Control  (No  amines) 

2.35 

±  0.14 

(±)-ephedri ne 

1.74 

±  0.10 

p  <  0.001 

(-)-ephedri ne 

1.63 

±  0.06 

p  <  0.001 

(+)-T-ephedrine 

1.78 

±  0.06 

p  <  0.001 

(-)-'i'-ephedrine 

1.64 

±  0.06 

p  <  0.001 

(b)  5  x  10’5  M  Amines 

Control 

2.08 

±  0.09 

(±)-ephedri ne 

1  .89 

±  0.06 

NS 

(-)-ephedri ne 

1.85 

±  0.08 

NS 

(+)-'F-ephedrine 

1.80 

±  0.10 

NS 

(-)-'F-ephedrine 

1.84 

±  0.11 

NS 

(-) -amphetamine 

1  .88 

±  0.04 

NS 

(+)-amphetami ne 

1.81 

±  0.07 

p  <  0.05 

' 


■ 


46 


FIGURE  9.  Effect  of  cocaine  and  desipramine  on  ephedrine  accumulation. 
Pieces  of  rabbit  atria  were  preincubated  in  Krebs  solution  in  the 
presence  of  the  drugs  for  30  min.  5  x  10~7  M  ephedrine  was  added  for  an 
additional  30  min  and  accumulation  measured.  Mean  ±  S.E.  There  were 
10  observations  for  each  column.  Asterisks  indicate  values  significantly 
different  from  the  control  which  had  no  drugs  present. 
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(G)  The  Effect  of  Other  Drugs  on  Ephedrine  Accumulation 

The  effect  of  a  variety  of  drugs  on  the  uptake  of  ephedrine 
(T/M  ratio)  is  shown  in  table  5.  It  can  be  seen  that  the  adrenergic 
receptor  blocking  drugs  phentolamine ,  phenoxybenzamine  and  SKF-550  were 
not  effective  as  ephedrine  transport  inhibitors.  The  steroids,  estradiol, 
and  testosterone,  which  are  powerful  uptake2  inhibitors  significantly 
decreased  the  uptake  of  ephedrine.  But  a  large  fraction  of  the  amine  was 
still  accumulated  in  the  presence  of  these  steroids.  On  the  other  hand, 
the  other  steroid  used,  corticosterone,  also  a  powerful  uptake2  blocker 
did  not  affect  ephedrine  accumulation.  Because  100-fold  concentrations 
of  the  stock  solutions  of  the  steroids  were  dissolved  in  30%  ethanol, 
the  effects  of  this  ethanol  solution  (0.3%  when  used)  were  studied  as  a 
control.  As  shown  in  table  5,0.3%  ethanol  did  not  exert  any  effect  of 
its  own.  One  other  druq  oxytetracycl ine,  reported  to  inhibit  the  binding 
of  catecholamines  to  collagen  (Powis,  1973)  was  studied  in  this  series. 

It  too  did  not  affect  ephedrine  accumulation  (table  5).  A  combination  of 
three  drugs,  cocaine,  oxytetracycl ine  and  corticosterone  were  added 
simultaneously  to  the  Krebs  solution.  Although  this  procedure  decreased 
the  uptake  of  ephedrine  significantly,  the  effect  as  shown  in  table  5 
was  small.  The  cocaine  control  tested  in  this  series  showed  that  this 
effect  could  not  be  attributed  to  cocaine. 

(H)  Effect  of  Exposure  to  Oubain 

Oubain  is  known  to  have  an  effect  on  active  transport.  The 
effect  of  10-6-  TO-3  M  oubain  was  studied  to  determine  whether  Na+-K+- 
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TABLE  5 

EFFECT  OF  OTHER  DRUGS  ON  EPHEDRINE  ACCUMULATION 

Tissues  were  preincubated  30  min  in  the  treatments  shown. 

5  x  10"7  M  ephedrine  was  added  for  an  additional  30  min.  Drugs  were 
present  throughout.  Concentration  of  drugs  shown  in  brackets.  Mean 


±  S.E.  of  6  -  8  observations. 

TREATMENT 

Phentol amine  (10" 5  M) 
Phenoxybenzamine  (10-5  M) 

SKF-550  (10“5  M) 

Estradiol  (lOyg/ml) 

Testosterone  (lOpg/ml) 
Corticosterone  (lOyg/ml) 

Ethanol  (0.3%) 

Oxytetracycl ine  (10-4  M) 

Cocaine  Control  (2  x  10"5  M) 

i 

t 

Oxytetracyc 1 i ne ( 1 0" 4M ) +Coca i ne ( 2x1 0” ; 
Corticosterone  (10pg/ml) 


T/M 

CONTROL 

T/M 

t-TEST 

1.99±0.09 

2.14±0.06 

NS 

1,91 ±0.06 

2.14±0.06 

NS 

1 . 96±0 . 1 7 

2 . 1 3±0 . 1 0 

NS 

1.83±0.07 

2 . 1 3±0 . 1 0 

p<0.05 

1.82±0.07 

2 . 1 3±0 . 1 0 

p<0.05 

1.99±0.10 

2 . 1 3±0 . 1 0 

NS 

2 . 1 0±0 . 1 0 

2 . 1 3±0 . 1 0 

NS 

2.10±0.09 

2 . 1 3±0 . 1 0 

NS 

1.96±0.10 

2 . 1 3±0 . 1 0 

NS 

1.73±0.07 

2.1 3±0 .10 

p<0 . 01 

, 
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activated  membrane  ATPase  was  involved  in  the  transport  of  ephedrine. 

It  can  be  seen  (figure  10)  that  oubain  produced  a  small  concentration 
dependent  inhibition  of  uptake.  Extremely  high  concentrations  of  oubain 
(10“4  -  10" 3  M)  were  required  in  order  to  produce  a  significant  inhibi¬ 
tion  of  ephedrine  accumulation. 

(I)  Effect  of  Na+  and  K+  on  Ephedrine  Accumulation 

Oubain  is  known  to  inhibit  Na+-K+-ATPase,  the  enzyme  involved 
in  the  active  transport  of  sodium.  This  process  is  commonly  called  the 
Sodium  Pump.  Since  oubain  inhibited  ephedrine  transport,  the  possibility 
that  this  uptake  occurs  by  a  co-transport  mechanism  with  sodium  must  be 
considered.  The  influence  of  sodium  on  ephedrine  uptake  therefore  was 
studied.  Figure  11  shows  the  relationship  between  the  30  min  uptake  of 
ephedrine  (expressed  as  the  T/M  ratio)  and  the  concentration  of  Na+  in 
the  incubation  medium.  It  can  be  seen  that  sodium  enhanced  the  uptake 
of  ephedrine  but  was  not  an  absolute  requirement  and  that  a  large  fraction 
(over  80%)  of  the  amine  was  accumulated  in  the  presence  of  low  Na+. 

In  table  6  the  uptake  of  ephedrine  in  Krebs  solution  was 
compared  with  that  in  low  Na+  solution  in  which  116  mM  NaCl  was  replaced 
i so-osmotically  by  one  of  the  following:  Li  Cl,  CsCl ,  KC1 ,  choline 
chloride  and  sucrose.  Of  these  only  sucrose  failed  to  reduce  uptake 
significantly.  In  all  cases,  however,  a  large  fraction  of  ephedrine 
still  accumulated.  Sucrose  caused  the  tissue  to  shrink  (table  1)  and 
this  accounts  for  the  observation. 

The  effect  of  removing  K+  from  the  incubation  medium  is  shown 
in  table  7.  During  the  preincubation  period,  the  K+-free  medium  was 
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Control  10  10  10  10 


Ouabain  Concentration  (M) 


FIGURE  10.  Effect  of  oubain  on  ephedrine  accumulation.  Pieces  of 
rabbit  atria  were  exposed  to  varying  concentrations  of  oubain  for 
30  min.  Then  after  a  further  30  min  of  incubation  with  5  x  10” 7  M 
14C-ephedri  ne,  accumulation  was  determined.  Mean  ±  S.E.  of  9  -  10 
observations.  The  columns  marked  with  an  asterisk  differed  signifi¬ 
cantly  from  the  control  incubated  in  media  containing  no  oubain. 
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0  39.2  59.2  79.2  99.2  116  Li  + 

Concentration  (mM) 

FIGURE  11.  Effect  of  varying  sodium  concentrations  on  the  transport  of 
14C-ephedri ne.  Pieces  were  exposed  for  30  min  to  varying  sodium  chloride 
concentrations  which  were  replaced  i so-osmoti cal ly  by  lithium  chloride. 
Accumulation  was  determined  after  30  min  incubation  at  37°C  with 
5  x  10'7  M  ephedrine  and  is  shown  as  the  mean  ±  S.E.  There  were  10 
observations  for  each  point.  The  values  marked  with  an  asterisk  differed 
significantly  from  those  obtained  in  normal  Krebs  solution  containing 
139.2  mM  Na+. 
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TABLE  6 


INABILITY  OF  IONS  TO  SUBSTITUTE  FOR  Na+ 

IN  THE  TRANSPORT  OF  EPHEDRINE  BY  RABBIT  ATRIA 

All  pieces  were  preincubated  for  30  minutes  in  the 
solutions  shown.  1 4C-ephedrine,  5  x  10"7  M  was  then  added  for 
a  further  30  min  and  accumulation  measured.  Mean  ±  S.E.  of 
10  observations. 


INCUBATION  MEDIA_ j/m 

Normal  Krebs  2.20  ±  0.07 

Low  Na+  Krebs  Containing: 


Li  Cl 

CsCl 

KC1 

Choi ine  Cl 

Sucrose 


1 .84  ±  0.04 

1 .88  ±  0.04 

1.76  ±  0.03 

1 .84  ±  0.03 

2.16  ±  0.09 


t-TEST 


p  <  0.005 

p  <  0.010 

p  <  0.005 
p  <  0.005 
NS 
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changed  every  10  min  to  ensure  the  removal  of  as  much  K+  from  the  tissue 
as  possible.  It  can  be  seen  that  the  removal  of  K+  did  not  alter  the 
uptake  of  ephedrine.  The  addition  of  10'4  M  oubain  to  K+-free  medium 
decreased  the  accumulation  of  ephedrine  significantly.  This  is  likely 
a  oubain  effect  only  since  a  similar  decrease  in  uptake  occurred  when 
10'4  oubain  was  present  in  normal  Krebs  solution. 

The  effect  of  low  temperature  (4°C)  is  shown  in  table  7.  It 
can  be  seen  that  the  accumulation  of  ephedrine  in  the  tissue  is  reduced 
to  approximately  the  same  level  as  in  the  incubation  media.  The  effect 
of  low  temperature  (4°C)  on  the  accumulation  of  ephedrine  is  much  greater 
than  that  produced  by  oubain  or  low  Na+  or  by  any  other  drug  used  so  far. 

(J)  Effect  of  Temperature  on  Ephedrine  Accumulation 

Active  transport  may  be  indicated  if  the  transport  system 
Dossesses  a  high  temperature  coefficient  (Qi0).  Figure  12  shows  the 
effect  of  temperature  on  ephedrine  accumulation  under  three  different 
conditions;  in  Krebs  solution  only,  in  Krebs  solution  containing  10~2  M 
phentermine,  and  in  low  Na '  Krebs  containing  2  x  10' 5  M  cocaine. 

Although  the  usual  effect  of  temperature  was  noted  in  all  cases,  that  is, 
an  enhanced  uptake  with  increased  temperature,  the  effect  was  not  great. 
The  calculated  Qio  values  for  all  conditions  varied  from  1.1  to  1.2  and 
is.  consistent  with  a  passive  diffusion  mechanism.  Alternately  one  can 
assume  that  the  size  of  the  "insensitive  component"  could  be  indicated  by 
the  amount  of  ephedrine  accumulated  in  the  tissue  in  the  presence  of- 
10-2  M  phentermine,  the  drug  which  caused  the  greatest  inhibition.  On 
this  basis  the  calculated  Q2 0  value  is  1.9  which  indicates^ the  possible 
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TABLE  7 

EFFECT  OF  K1' -FREE  MEDIA  ADD  LOW  TEMPERATURE 


Tissues  were  incubated  for  30  min  in  the  treatments  shown 
5  x  10"7  M  ephedrine  was  added  for  another  30  min.  Mean  ±  S, E.  of 
8  observations. 

TREATMENT_ T/M_ t-TEST 

Control  (Normal  Krebs,  37°C)  2.13  ±  0.06 

K+-free  Medium  2.06  ±  0.04  NS 

K+-free  medium  +  10" 4  M  oubain  1.91  ±  0.06  p  <  0.02 

Oubain,  10"4  M  (Normal  Krebs)  1.91  ±  0.05  p  <  0.02 

4°C  (ice)  0.96  ±  0.04  p  <  0.001 
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FIGURE  12.  Effect  of  temperature  on  ephedrine  accumulation.  Tissues 
were  preincubated  in  Krebs  solution  under  the  following  conditions: 

• - •  ,  normal  Krebs  at  37°C;  o - o,  normal  Krebs  at  27°C;  I - B  , 

phentermine  ( 1 0“ 2  M)  at  37°C;  □ - □  ,  phentermine  ( 1 0“ 2  M)  at  27°C; 

A - A,  low  Na+  +  cocaine  (2  x  10"5  M)  at  37°C;  A - A,  low  Na+  +  cocaine 

(2  x  10"5  m)  at  27°C.  5  x  10-7  M  1 4C-ephedri ne  was  added  for  an 

additional  30  min.  Drugs  and  conditions  present  throughout.  Mean  values 
±  S.E.  of  6  observations. 
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existence  of  an  active  transport  system  for  ephedrine  uptake.  The 
problem  with  this  assumption  is  that  there  is  no  evidence  that  more  than 
one  component  exists  for  ephedrine  transport.  No  useful  information  is 
obtained  in  estimating  the  size  of  the  "active  component"  by  calculating 
the  amount  of  ephedrine  inhibited  in  the  presence  of  both  low  Na+  and 
2  x  10"5  M  cocaine.  This  is  because  the  effect  of  a  10  degree  drop  in 
temperature  to  27°C  in  normal  Krebs  solution  is  the  same  or  greater  than 
that  produced  by  low  Na+  plus  cocaine. 

(K)  Effect  of  Metabolic  Inhibitors  on  Ephedrine  Uptake 

Energy  from  aerobic  and/or  anaerobic  glycolysis  is  reguired 
in  many  transport  systems  to  drive  the  Sodium  Pump.  Table  8  shows  the 
effect  of  metabolic  inhibitors  on  the  uptake  (expressed  as  the  T/M  ratio) 
of  ephedrine.  It  is  seen  that  ephedrine  uptake  is  not  affected  by  the 
presence  of  metabolic  inhibitors  either  by  themselves  or  in  combination 
to  inhibit  both  aerobic  and  anaerobic  pathways.  Although  the  accumula¬ 
tion  of  ephedrine  appeared  to  be  significantly  reduced  when  both  glycol¬ 
ysis  and  oxidation  were  inhibited  by  dinitrophenol  and  iodoacetate,  this 
decrease  can  be  accounted  by  the  swelling  of  the  tissues  (see  table  1). 
These  results  indicate  that  energy  is  not  required  for  ephedrine  trans¬ 
port. 

(L)  Effect  of  6 -Hydroxy dopamine  Pretreatment  on  Ephedrine  Accumulation 

6-Hydroxydopamine  produces  an  efficient  and  extremely  long- 
lasting  depletion  of  noradrenaline  due  to  the  selective  destruction  of 
sympathetic  nerve  endings  (Tranzer  and  Thoenen,  1967).  To  show  whether 
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TABLE  8 

EFFECT  OF  METABOLIC  INHIBITORS  ON  EPHEDRINE  ACCUMULATION 


Tissues  were  preincubated  in  the  treatments  shown  for  30  min 
and  then  5  x  10-7  M  1 4C-ephedrine  was  added  for  30  additional  minutes. 
Iodoacetate  was  present  in  the  preincubation  period  only.  Mean  ±  S.E. 
of  6  observations.  Figures  in  brackets  indicate  molar  concentration  of 
metabolic  inhibitors. 


TREATMENT 

T/M 

t-TEST 

Control 

2.02±0.11 

2-deoxy-D-glucose  (2  x  10~3  M) 

2 . 1 3±0 . 1 4 

NS 

Iodoacetate  (10~3  M) 

1.96±0.11 

NS 

Glucose-free 

1 ,90±0.1 0 

NS 

Glucose-free  +  2-deoxy-D-glucose (lOmM) 

2.08+0.07 

NS 

Glucose-free  +  Iodoacetate  (10~3  M) 

1 . 90±0.08 

NS 

2,4-Dinitrophenol  (5  x  10"4  M) 

1 . 98±0. 1 7 

NS 

Sodium  Azide  (10~3  M) 

1 . 99±0.09 

NS 

2,4-Dinitrophenol  (5  x  ICf4  M)  + 

Iodoacetate  (10‘3  M) 

1 ,70±0.06 

p<0.005 

Glucose-free  +  2,4-Dinitrophenol  (5xlO"4M) 

1.86±0.09 

NS 
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the  accumulation  of  ephedrine  can  be  linked  to  functionally  intact  nerve 
endings  the  effect  of  pretreating  the  rabbits  with  6-hydroxydopami ne  was 
studied.  It  can  be  seen  from  the  results  shown  in  table  9  that  denerva¬ 
tion  had  no  effect  on  ephedrine  uptake.  Accumulation  of  ephedrine  by 
the  tissues  of  pretreated  rabbits  was  similarly  unaffected  in  the  presence 
of  other  drugs. 

In  order  to  show  that  the  rabbits  were  adequately  denervated, 
the  uptake  of  metarami  no! ,  an  amine  known  to  be  transported  into  sympath¬ 
etic  nerve  terminals,  was  studied.  The  results  in  table  10  show  that  the 
rabbits  were  denervated  since  the  uptake  of  metarami nol  was  considerably 
reduced  in  the  tissues  of  rabbits  pretreated  with  6-hydroxydopami ne. 
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TABLE  9 


EFFECT  OF  DENERVATION  ON  EPHEDRINE  ACCUMULATION 


Tissues  were  preincubated  30  min  under  the  treatments 
shown.  5  x  10"7  M  ephedrine  was  added  for  an  additional  30  min. 
Mean  ±  S.E.  of  6  observations.  Figures  in  brackets  indicate  molar 
concentration  of  the  drugs. 


TREATMENT 


UNTREATED  DENERVATED 

RABBIT_ RABBIT_ t-TEST 


Normal  Krebs 
Cocaine  (2  x  10”5  M) 

Oubain  (10~4  M) 

Phentermine  (10" 3  ) 

Phenyl  propanol  amine (1 0"3  ) 
Phenyl  ethanol  amine  ( 1 0” 3 ) 
Pnenoxybenzamine  (10"5) 

Low  Na+  Krebs 


2.06  ±  0.04 
1.95  ±  0.12 
1 .94  ±  0.06 
1.59  ±  0.04 
1 .66  ±  0.03 
1 .76  ±  0.05 
2.00  ±  0.05 
1.79  ±  0.10 


2.03  ±  0.05 
1 .82  ±  0.06 
1.89  ±  0.10 
1.51  ±  0.06 
1.57  ±  0.07 
1.64  ±  0.06 
1.95  ±  0.10 
1.67  ±  0.05 


NS 

NS 

NS 

NS 

NS 

MS 

NS 

NS 
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TABLE  10 


EFFECT  OF  DENERVATION  ON  METARAMINOL  ACCUMULATION 


Tissues  were  incubated  for  30  min  at  37°C  in  Krebs 
solution  containing  2.5  x  10"7  M  3H-metaraminol .  Mean  values  ± 
S.E.  of  6  observations. 

TISSUE_ T/M_ t-TEST 

Untreated  rabbit  (Control)  4.86  ±  0.44 


Denervated  rabbit 


1.42  ±  0.08 


p  <  0.001 


' 


V.  DISCUSSION 


The  uptake  experiments  indicate  that  the  accumulation  of 
ephedrine  is  concentration-  and  time-dependent.  Slices  of  rabbit  atria 
are  able  to  take  up  and  accumulate  ephedrine  from  the  incubation  medium 
against  a  concentration  gradient.  A  rapid  accumulation  of  ephedrine 
occurs  since  in  the  uptake  experiments,  the  amount  of  ephedrine  in  the 
tissue  exceeds  that  in  the  medium  by  7  min  and  a  steady  state  level  is 
reached  within  one  hour.  This  study  in  which  rabbit  atria  slices  were 
used  and  the  study  by  Jacquot  et  al.  (1969)  in  which  the  isolated  rat 
heart  was  used  showed  that  ephedrine  was  accumulated  to  levels  of  2.7 
and  3.0  times  those  of  the  medium  containing  a  low  concentration  of  the 
amine.  These  concentration  ratios  proved  lower  than  those  found  for 
noradrenaline.  For  instance,  noradrenaline  was  accumulated  to  levels 
up  to  5  times  those  in  the  medium  containing  low  concentrations  of 
noradrenaline  by  rat  brain  or  heart  slices  (Dengler  et  al. ,  1961b). 

More  impressive  concentration  ratios,  however,  were  obtained  in  perfused 
tissues.  Iversen  (1963)  showed  that  the  isolated  rat  heart,  perfused 
with  a  medium  containing  low  concentrations  of  noradrenaline  (10  ng/ml ) , 
accumulated  the  amine  to  levels  greater  than  10  times  that  in  the  per¬ 
fusing  medium. 

Although  ephedrine  is  rapidly  accumulated  by  rabbit  atria 
slices,  the  concentration  ratio  (T/M  ratio)  of  the  amine  in  the  tissue 
to  that  in  the  incubation  medium  was  only  slightly  diminished  by  a 
10-fold  or  greater  increase  in  the  concentration  of  amine  in  the  incub¬ 
ation  medium.  This  finding  is  similar  to  that  found  for  amphetamine. 
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an  amine  which  like  ephedrine  lacks  phenolic  hydroxyl  groups  (Ross  and 
Renyi ,  1966b)  but  different  to  that  found  for  noradrenaline  where  the 
T/M  ratio  was  considerably  reduced  (Dengler  et  al.3  1961b;  Ross  and 
Renyi,  1964). 

Iversen  (1963,  1965b)  described  the  existence  of  two  uptake 
processes  for  noradrenaline.  The  first  process,  Uptakei,  was  considered 
to  operate  at  low  concentrations  of  noradrenaline  in  the  medium  whereas 
the  second  process,  Uptake2,  operates  at  high  amine  concentrations. 

Both  processes  are  saturable  with  increasing  external  amine  concentra¬ 
tions  and  are  described  by  the  classical  Micheal is-Menten  equation  for 
enzyme  kinetics.  The  transport  of  ephedrine  by  rabbit  atria  slices  is 
clearly  different  in  this  respect.  For  instance  there  appears  to  be 
evidence  for  no  more  than  one  uptake  process  for  ephedrine  in  this  study 
and  the  accumulation  of  the  amine  occurred  at  an  approximately  uniform 
rate  even  at  the  highest  concentration  used  and  could  not  be  described 
by  the  Micheal is-Menten  equation  and  thus  indicating  non-saturation  or 
passive  diffusion. 

This  study  showed  that  a  wide  variety  of  amines  inhibited 
ephedrine  accumulation.  A  number  of  interesting  structure  activity 
relations  emerged.  First  of  all,  phentermine,  an  amine  lacking  in 
phenolic  hydroxyl  groups  caused  a  greater  inhibition  of  ephedrine 
transport  than  did  the  amines  known  for  their  potent  effects  on  the 
well  known  noradrenaline  transport  systems,  Uptake!  and  Uptake2. 
Metaraminol  ,  a  very  powerful  Uptakei  inhibitor;  noradrenaline,  also  a 
potent  Uptakei  inhibitor  and  at  the  concentration  used  would  also  be 
a  good  Uptake2  inhibitor;  and  isoproterenol,  a  potent  Uptake2  inhibitor 
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all  caused  a  significant  inhibition  of  ephedrine  accumulation.  That 
transport  of  ephedrine  occurs  by  Uptake2  is  unlikely  since  normetan- 
ephrine,  a  potent  Uptake2  inhibitor,  was  not  effective.  The  inhibitory 
effect  of  isoproterenol  may  be  due  to  its  small  ability  to  inhibit  Up¬ 
take!  which  at  the  concentration  of  the  amine  used  may  become  signifi¬ 
cant.  Alternately  the  effect  of  isoproterenol  and  the  other  amines  may 
be  non-specific.  This  finding  differs  from  that  of  Jacquot  et  al. 

(1969)  who  found  that  noradrenaline  was  without  effect  on  ephedrine 
accumulation.  However,  they  used  lower  concentrations  of  noradrenaline 
equal  to  that  of  labelled  ephedrine  (-5  x  10"7  M)  and  thus  may  account 
for  the  lack  of  effect. 

A  second  feature  is  that  extremely  high  concentrations  of  all 
amines  had  to  be  used  to  inhibit  ephedrine  accumulation  significantly 
(table  2).  Although  phentermine  of  the  group  of  amines  studied  in 
table  2  appeared  to  inhibit  the  accumulation  of  ephedrine  more  markedly 
than  the  other  amines,  its  effect  was  not  striking.  Subsequently 
(figure  8)  it  was  shown  that  a  20 -fold  increase  in  the  concentration 
of  phentermine  (10‘5  M)  in  the  incubation  medium  over  that  of  14C- 
ephedrine  (5  x  10"7  M)  did  not  even  cause  any  apparent  inhibition  of 
ephedrine  transport.  The  study  of  Burgen  and  Iversen  (1965)  in  contrast, 
showed  that  many  of  the  amines  inhibited  noradrenaline  transport  markedly 
when  they  were  present  in  the  medium  in  10-fold  or  less  the  molar  con¬ 
centrations  than  was  noradrenaline. 

Another  feature  is  that  the  absence  of  phenolic  hydroxyl  groups 
enhanced  the  ability  of  amines  to  act  as  inhibitors  of  ephedrine  trans¬ 
port.  The  effect  of  adding  another  phenolic  hydroxyl  group  to  phenol- 
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ethylamines,  however,  did  not  have  any  additional  inhibitory  effect 
since  amines  with  one  or  two  hydroxyl  groups  inhibited  ephedrine  uptake 
with  a  smaller  but  equal  potency.  It  is  interesting  to  note  that 
phenol-  and  catechol propanolamines  related  to  amphetamine,  e.g.3  para- 
hydroxyamphetamine  and  a-methyl dopamine,  appear  to  be  more  potent  inhib¬ 
itors  of  ephedrine  uptake  relative  to  the  other  amines  possessing 
phenolic  hydroxyl  groups,  e.g.3  tyramine  and  dopamine  in  particular. 

One  possibility  that  may  account  for  this  difference  is  that  tyramine 
and  dopamine  are  metabolized  by  the  enzyme,  monoamine  oxidase,  and  thus 
may  not  appear  to  be  as  effective  whereas  parahydroxyamphetamine  and 
a-methyl dopamine  are  protected  from  metabolism  by  monoamine  oxidase  by 
the  a-methyl  group.  Alternatively  this  effect  could  be  due  to  the 
presence  of  the  a-methyl  group  -per  se.  However,  this  is  unlikely  since 
another  group  of  a-methyl ated  amines,  metarami  no!  and  a-methyl noradrena¬ 
line,  inhibit  the  uptake  of  ephedrine  very  little  or  not  at  all.  The 
structural  specificity  for  ephedrine  appears  to  be  different  from  that 
found  for  noradrenaline  by  Burgen  and  Iversen  (1965)  in  the  isolated  rat 
heart.  They  found  that  the  presence  of  hydroxyl  groups  enhanced  the 
affinity  of  the  amine  for  the  Uptakei  site.  It  is  difficult  to  compare 
the  results  obtained  in  this  study  with  those  obtained  by  Burgen  and 
Iversen,  however,  because  a  different  species  of  animal  was  used,  a 
much  higher  concentration  of  the  amines  had  to  be  used  in  order  to  sig¬ 
nificantly  inhibit  ephedrine  transport  and  the  small  amount  that  ephe¬ 
drine  accumulation  was  inhibited  prevented  the  use  of  the  probit  plot 
method. 

The  results  obtained  with  (±)-,  and  (+)-ijj-ephedrine 

and  (+)-  and  (-)-amphetamine  isomers  show  that  the  uptake  system  for 
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ephedrine  does  not  show  any  stereochemical  specificity.  This  is  unlike 
the  noradrenaline  Uptake!  system  in  rat  heart  which  was  found  by  Iversen 
(1963)  and  Burgen  and  Iversen  (1965)  to  exhibit  stereochemical  specificity. 
The  isomers  (-)-noradrenal ine  and  (+)-amphetamine  were  found  to  be  more 
effective  Uptake!  inhibitors  than  (+) -noradrenaline  and  (-)-amphetamine. 
he  Uptake2  system  for  noradrenaline  did  not,  however,  discriminate 
between  the  optical  isomers  (Iversen,  1965). 

Cocaine  and  desipramine,  both  selective  Uptakei  inhibitors 
significantly  inhibited  ephedrine  accumulation  by  rabbit  atria  slices 
at  lower  concentrations  than  lignocaine.  The  possibility  that  the  in¬ 
hibition  of  ephedrine  transport  is  due  to  a  local  anesthetic  effect  is 
thus  unlikely.  Although  the  results  could  indicate  an  Uptakei  process* 
other  alternatives  must  be  considered.  It  is  possible  that  the  transport 
of  ephedrine  occurs  by  a  passive  diffusion  process  followed  by  binding 
and  that  the  lipophilic  properties  of  cocaine  and  desipramine  interfere 
with  the  binding  of  ephedrine.  Another  alternative  is  that  these  drugs 
interfere  with  the  movement  of  ephedrine  across  cell  membranes.  There 
is  yet,  however,  no  evidence  that  these  drugs  bind  to  tissue  or  inter¬ 
fere  with  movements  of  other  substances  across  cell  membranes.  The 
third  alternative  is  that  these  drugs  inhibit  ephedrine  transport  by 
a  non-specific  mechanism.  This  alternative  can  account  for  the  small 
and  gradual  inhibitory  effects  observed  with  these  drugs  and  lignocaine 
and  also  account  for  the  observation  that  desipramine  is  not  more  potent 
than  cocaine.  Jacquot  et  al.  (1969)  found  that  cocaine  at  a  concentra¬ 
tion  of  3  x  10“5  M  did  not  affect  the  accumulation  of  ephedrine  by  the 
isolated  rat  heart.  The  difference  in  findings  may  be  due  to  the 
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different  techniques  used  and  also  because  a  different  species  of 
animal  was  used. 

The  transport  of  ephedrine  notably  differs  from  that  of  nor¬ 
adrenaline  in  that  the  adrenergic  receptor  blocking  drugs  did  not  in¬ 
hibit  the  uptake  of  ephedrine.  Phenoxybenzamine  at  the  concentration 
used  would  have  blocked  both  Uptake:  and  Uptake2  whereas  SKF-550  would 
have  blocked  only  Uptake2.  The  two  steroids,  estradiol  and  testosterone, 
both  potent  Uptake2  inhibitors,  inhibited  ephedrine  accumulation  signif¬ 
icantly.  It  is  more  likely  that  this  inhibition  like  that  of  cocaine 
is  non-specific.  There  is  also  no  evidence  that  steroids  bind  to  various 
tissues  and  interfere  with  the  passage  of  other  substances  across  cell 
membranes.  The  possibility  that  the  transport  of  ephedrine  occurs  by 
neither  Uptake:  nor  Uptake2  must  be  considered.  One  other  possibility, 
that  ephedrine  can  accumulate  in  collagen  tissue  is  unlikely  since 
oxytetracycl ine  failed  to  inhibit  ephedrine  transport. 

In  the  present  study  the  inhibitory  action  of  oubain  on 
ephedrine  transport  was  slight  and  significant  only  at  high  oubain  con¬ 
centrations  of  10"4  -  10"3  M.  Sodium  was  found  to  enhance  the  uptake 
of  ephedrine  but  was  not  an  absolute  requirement  and  secondly  a  large 
fraction  (over  80%)  of  ephedrine  still  accumulated  in  the  presence  of 
low  Na+.  Furthermore  no  other  ions  were  able  to  substitute  for  sodium. 
This  indicated  that  there  may  be  two  mechanisms  involved  in  the  transport 
of  ephedrine.  From  these  data,  it  can  be  postulated  that  a  small  frac¬ 
tion  of  ephedrine  is  transported  actively  by  a  co-transport  mechanism 
with  sodium.  Supporting  evidence  for  such  an  active  transport  mechanism 
is  that  the  uptake  of  the  amine  was  reduced  in  the  tissue  to  the  same 
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levels  as  in  the  medium  at  a  temperature  of  4CC.  The  uphill  transport 
of  ephedrine  by  the  tissue  is  further  supporting  evidence  for  active 
transport.  However,  the  results  obtained  in  the  initial  rates  experi¬ 
ment  showed  only  one  large  component  which  is  possibly  passive.  One 
way  in  which  the  two  mechanisms  may  co-exist  is  that  the  co-transport 
mechanism,  being  very  small,  would  be  masked  by  the  other  mechanism 
which  also  would  have  a  high  affinity  for  ephedrine.  The  estimated  Qi0 
value  for  ephedrine  transport  assuming  an  insensitive  component  which 
is  the  one  not  inhibited  by  phentermine  is  high  enough  to  indicate  the 
involvement  of  such  a  co-transport  system.  The  problem  is  that  there 
is  no  evidence  for  the  existence  of  more  than  one  component  for  ephedrine 
transport. 

Thoenen  et  al.  (1968)  similarly  found  in  the  isolated  perfused 
rat  heart  that  the  accumulation  of  amphetamine  which  like  ephedrine  also 
lacks  phenolic  hydroxyl  groups  and  thus  may  be  expected  to  be  transported 
in  a  like  manner  was  sodium  and  temperature  dependent.  They  proposed 
that  this  difference  is  due  to  impaired  tissue  perfusion  resulting  from 
vascular  constriction  brought  about  by  reduced  sodium  and  temperature. 

This  reason  cannot  account  for  the  sodium  and  temperature  dependence  of 
ephedrine  transport  in  our  studies  since  slices  of  rabbit  atria  were  used. 

Energy  is  needed  to  drive  the  Sodium  Pump  and  is  supplied  by 
anaerobic  and/or  aerobic  glycolysis.  The  failure  to  decrease  ephedrine 
uptake  by  the  metabolic  inhibitors,  dinitrophenol ,  iodoacetate,  or  azide, 
either  by  themselves  or  in  a  combination  which  would  inhibit  both  the 
glycolytic  and  oxidative  pathways,  indicated  that  energy  is  not  required 
for  ephedrine  transport.  The  findings  that  metabolic  energy  is  not 
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required  to  transport  ephedrine  and  that  potassium-free  medium  is  not 
able  to  prevent  the  uptake  of  ephedrine  make  it  unlikely  that  ephedrine 
transport  occurs  by  an  active  transport  mechanism. 

Selective  destruction  of  sympathetic  nerve  endings  (or  Uptake! ) 
by  chemical  denervation  with  6-hydroxydopamine  failed  to  decrease 
ephedrine  accumulation.  The  lack  of  dependence  of  functionally  intact 
sympathetic  nerves  on  ephedrine  accumulation  is  the  most  important 
difference  between  the  transport  systems  of  noradrenal ine  and  ephedrine. 
This  means,  first  of  all,  that  the  bulk  of  the  ephedrine  accumulated  in 
the  rabbit  atria  must  be  located  extraneuronal ly.  These  results  do  not 
indicate  that  sympathetic  nerves  are  incapable  of  accumulating  ephedrine 
or  that  sympathetic  nerves  are  capable  of  concentrating  the  amine  to  a 
lesser  or  greater  extent  than  extraneuronal  tissue.  This  is  because  the 
sympathetic  nerve  terminals  occupy  an  extremely  small  volume  of  the  total 
tissue  and  therefore  accumulation  of  any  substance  has  to  be  several 
magnitudes  higher  than  that  in  the  medium  before  it  can  be  evident  in 
the  T/M  ratio.  Noradrenaline  has  been  shown  to  accumulate  almost 
exclusively  in  adrenergic  nerve  terminals  (Iversen,  1963).  Therefore  an 
accumulation  of  ephedrine  by  adrenergic  nerve  terminals  of  the  same 
order  of  magnitude  as  that  found  for  noradrenaline  can  be  excluded. 

The  question  that  remains  at  this  point  is:  How  is  ephedrine 
transported?  The  following  points  are  briefly  reviewed.  Transport  of 
ephedrine  by  Uptake2  is  unlikely  because  normetanephrine,  phenoxybenza- 
mine  and  SKF-550  did  not  inhibit  ephedrine  accumulation.  Binding  of 
ephedrine  to  collagen  is  unlikely  because  oxytetracycl ine  did  not  in¬ 
hibit  ephedrine  accumulation.  Even  though'  the  process  is  an  uphill  one. 
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oubai n-sensitive  to  a  small  degree  and  sodium  and  temperature  dependent, 
active  transport  of  ephedrine  with  and  without  co-transport  with  sodium 
is  unlikely  since  it  was  non-saturabl e,  did  not  require  metabolic  energy 
and  was  not  affected  by  potassium-free  medium.  Uptake!  is  unlikely 
since  chemical  denervation  by  6-hydroxydopamine  failed  to  inhibit  ephe¬ 
drine  accumulation. 

The  possibility  that  ephedrine  transport  occurs  by  passive 
diffusion  followed  by  binding  must  be  considered.  The  view  that  ephe¬ 
drine  is  accumulated  and  then  bound  to  non-specific  sites  is  strongly 
supported  by  the  differences  found  between  its  transport  and  that  of 
noradrenaline.  Transport  of  ephedrine  is  clearly  different  from  that 
of  noradrenaline.  The  accumulation  of  ephedrine  was  non-saturabl e,  did 
not  exhibit  stereochemical  specificity,  showed  only  one  component, 
needed  high  concentrations  of  amines  to  inhibit  uptake,  T/M  ratios  were 
only  slightly  diminished  with  10-fold  or  even  greater  increases  in 
amine  concentration,  unaffected  by  most  Uptake2  inhibitors  and  not  im¬ 
paired  by  a  combined  inhibition  of  aerobic  and  anaerobic  glycolysis. 

The  high  concentrations  of  amines,  cocaine,  desiprarnine  and  oubain 
required  to  achieve  an  inhibitory  effect  on  ephedrine  accumulation  is 
further  supporting  for  a  passive  process. 

The  finding,  however,  that  ephedrine  did  not  accumulate  sig¬ 
nificantly  in  adrenergic  nerve  terminals  does  not  permit  the  definite 
conclusion  that  the  amine  cannot  be  transported  by  the  noradrenaline 
uptake  system.  A  significant  uptake  of  ephedrine  still  could  be  masked 
by  its  rapid  outward  diffusion  from  the  neurone  because  of  its  high 
lipophilic  properties  as  suggested  by  Thoenen  et  al.  (1968)  or  be 
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masked  by  a  large  extraneuronal  uptake  as  suggested  by  Trendelenburg 
(1972)  to  account  for  the  indirect  actions  of  these  amines.  The  sugges¬ 
tion  by  Paton  (1974)  that  the  highly  lipophilic  properties  of  the  amines 
enable  them  to  diffuse  passively  across  adrenergic  nerve  terminals, 
replacing  noradrenaline  from  the  storage  vesicles  which  effluxes  from 
the  neurone  by  a  cocaine-sensitive  carrier-mediated  process  is  a  possi¬ 
bility  in  keeping  with  our  findings  in  this  study. 
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